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Referat	
Diese Arbeit beinhaltet Ergebnisse der ersten klinischen Studie zur Charakterisierung der 
mechanischen Eigenschaften von Zellen in einem Tumor mit der dafür notwendigen Probengröße. 
Dies ermöglichte die Erstellung eines umfassenden Bildes von Subpopulationen innerhalb eines 
Tumors mit großem diagnostischem Potential. Die Änderung der Einzelzellmechanik von Tumorzellen 
wird durch Veränderung des Zytoskeletts, einem komplexes Polymernetzwerk in Zellen, 
hervorgerufen. Mit Hilfe von Zellgiften wurde das Zytoskelett gezielt manipuliert, um den Einfluss 
einzelner Faktoren auf die Biomechanik zu bestimmen. 
Aus Gewebeproben von Brustkrebspatienten wurden Zellen mit Hilfe enzymatischer Aufspaltung des 
extrazellulären Kollagennetzwerkes isoliert. Als Kontrollsystem wurden Primärzellen aus 
Brustreduktionsgewebe und aus Fibroadenomen, gutartigen Gewebeneubildungen der Brustdrüse, 
verwendet. Unter Einsatz des Optischen Stretchers, einer Zweistrahl-Laserfalle, wurden suspendierte 
Zellen für zwei Sekunden einer konstanten Zugspannung ausgesetzt und das Deformations- wie auch 
das anschließende Relaxationsverhalten beobachtet.  
Dabei ergaben sich wesentliche Unterschiede zwischen Tumor- und Kontrollproben. Neben Zellen mit 
ähnlichen Steifigkeiten, enthielten Tumorproben Subpopulationen sehr weicher Zellen, wie sie in 
Normalgewebe nicht zu finden sind. Desweiteren war das Relaxationsverhalten der Tumorzellen 
stärker elastisch dominiert. Einzelne Zellen kontrahierten sogar aktiv gegen die Zugspannung. 
Versuche, das Zytoskelett mittels Zellgiften künstlich in einem Zustand zu bringen, der in Krebszellen 
beobachtet wurde, ergaben zwar ebenfalls die Zunahme weicherer Zellen, jedoch war das 
Relaxationsverhalten eher viskos dominiert. Fluoreszenzaufnahmen des Aktin-Zytoskeletts sowie der 
fokalen Adhäsionen, die das Aktin-Netzwerk der Zelle mit dem Substrat verankern, zeigten 
Veränderungen bei Krebszellen im Vergleich zu Kontrollen. 
Darüber hinaus wurden Einflussfaktoren auf die Zellmechanik untersucht. Neben Kulturbedingungen, 
beeinflussen auch Alter und Medikation das biomechanische Verhalten. Die Steifigkeit der 
Krebszellen scheint vom Ursprungsgewebe beeinflusst zu werden, sodass Zellen verschiedener 
Krebsarten Steifigkeiten in unterschiedlichen Regimes zeigen. 
Die Ergebnisse dieser Arbeit liefern wichtige Informationen für unser Verständnis der Karzinogenese 
und bilden die Grundlage für eine neue diagnostische Methode zur Bestimmung der 
Tumoraggressivität. Eine gezielte Untersuchung der gefundenen Subpopulationen in einem Tumor 
könnte dabei helfen, neue Therapieansätze zu entwickeln und damit die hohen Rezidivraten 
aggressiver Tumore zu vermindern.   
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1 Introduction	
Angelina Jolie, a renowned actress and director, decided at the age of 37 to have a preventive double 
mastectomy. Doctors earlier found out that she carries a gene mutation, which, together with other 
individual factors such as motherhood and family history, rises her risk to develop breast cancer up to 
87 %. This radical surgery means a severe psychological strain for woman. It impressively shows that 
cancer is still one of the most feared diseases of mankind, drastic preventive measures are rather 
accepted than taking the risk of cancer development.  
 
Fig. 1.1 Contributed article by Angelina Jolie. The New York Times, May 14, 2013. 
As early as 548 AD the first (documented) mastectomy was performed for breast cancer treatment 
(Olsen 2002). Since then, modern diagnostic tools have been developed that enable early detection of 
malignant lesions. Screening mammography even detects non-life-threatening asymptotic breast 
cancer and pre-cancer, while it might overlook serious cancer (Aschwanden 2009). Already more than 
four decades ago it was known that tumors are not uniform entities, but rather comprise cells of varying 
DNA content, immunogenicity, hormone receptors, pigment production, metabolic characteristics and 
growth rates as well as different susceptibilities to a variety of cytotoxic drugs. Already within a primary 
tumor, subpopulation of cells with metastatic potentials were found (Fiedler 1978). It was clear then 
that therapeutic agents and procedures directed against all neoplastic cells without regard to their 
biological behavior in vivo may be unproductive and a focus should be directed towards the few but 
fatal metastatic subpopulations. Sensitive tests with accurate prognosis of aggressiveness are needed 
11 
 
to decide for an optimal treatment strategy. Modern histopathological analysis of biopsies uses a wide 
range of markers different for each type of cancer to classify tumor malignancy - the number of these 
markers is constantly growing with advances of epigenetic research in cancer cells. Despite their 
complexity these tests mainly fail to provide an accurate, multiclass molecular cancer classification, 
which is a precondition for optimal (individualized) drug therapy (Ramaswamy, Tamayo et al. 2001). 
The lack of reliable diagnostic tools and the poor prognosis especially for aggressive cancer types on 
the one hand might be a reason, why high-risk patients decide for a radical surgery as a preventive 
measure to minimize their chances for a cancer disease. On the other hand, it often leads to 
overdiagnosis and overtreatment of cancer, which might expose patients unnecessarily to toxic drugs 
with serious side effects on the patient’s health (Esserman, Thompson et al. 2013).  
This work aims to give a starting point for a new method of cancer diagnosis and with this, a new 
toehold for cancer therapy. Better prediction of the aggressiveness, in particular identifying 
subpopulations of metastatic competent cells within a neoplasm would help to decide for a suitable 
treatment strategy and might help to avoid overtreatment.  
During the last decade physicists have emerged into the field of cancer research. Whereas molecular 
biologists look at the individual genotypes of cancer cells with its countless variations, the physics of 
cancer regards cancer as a systemic disease with general mechanisms in tumorigenesis and metastasis 
formation based on biomechanical modifications of cells and matrices. Besides maintaining structural 
morphology, signaling and intercellular transport, the cell’s cytoskeleton plays an important role in cell 
migration, adhesion, proliferation and differentiation (Fletcher and Mullins 2010). The mechanics 
associated with many of these processes are essential for our understanding of structure-function 
relationships, organization and regulatory mechanisms inherent to cells. Cancer becomes lethal by 
infiltrating neighboring tissues and spreading throughout the whole body, which requires fundamental 
changes in adhesion, proliferation and motility of cells during tumorigenesis and thus in cytoskeletal 
reorganization. Various micro-mechanical methods have been employed to investigate these 
biomechanical modifications (Suresh 2007). Physical models have been derived to describe single and 
collective cell behavior and tumor progression (see chapter 2.2 to 2.4). On single cell level a significant 
softening of cancer cells was found and the extent of which was related to tumor aggressiveness (Lekka, 
Laidler et al. 1999; Guck, Schinkinger et al. 2005; Cross, Jin et al. 2008; Remmerbach, Wottawah et al. 
2009). These findings were either based on cell line models or on small sample sizes and therefore 
failed to provide a comprehensive picture on biomechanical alteration within a tumor cell population.  
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This work presents the first clinical trial on biomechanical characterization of single cells within a tumor 
sample with relevant sample size. For analyzing tumor cells two main problems had to be solved: single 
cells had to be isolated from the primary tumor maintaining their characteristic biomechanical 
properties, which should be used as a marker for malignancy. Secondly, a micro-mechanical device was 
required which can perform single cell measurements with high sample rates. In the course of this 
clinical study, a protocol for tissue dissociation has been developed yielding single cells with adequate 
sample size for measurement (about 5*105 cells needed per measurement) and avoiding long-time 
culture (see chapter 3.1.4). The Automated Microfluidic Optical Stretcher (AMOS) enabled whole cell 
biomechanical measurements with sample rates of about 200 cells per hour. The two-beam laser trap 
employs a microfluidic circuit to deliver single cells into the trap. The automation detects and measures 
rounded-up suspended cells with no further pre-selection than minimum size, roundness and contrast 
to eliminate debris from measurement (see chapter 3.2). With up to 800 cells per sample available for 
evaluation differences in the biomechanical signature of tumor cell population according to their 
pathological grading and compared to benign controls could be identified (see chapter 4.3). Besides 
softening effects seen in former studies, enhanced elastic behavior of tumor cells was observed. 
Furthermore, a small subpopulation of cells actively contracting against applied stress was found. These 
findings provide a new picture on the heterogeneity of cells in tumors and found alterations might 
stand for different steps of malignant transformation to metastasis. It strongly suggests that 
biomechanical changes necessary for cancer cells to invade the body already occur within the primary 
tumor. Future studies could use this finding to classify tumor aggressiveness by the extent of found 
subpopulations of soft, enhanced elastic and contractile cells within a tumor. Isolating these 
subpopulations during measurements would enable selective drug screening and could lead to 
targeted treatment of aggressive cells and therefore prevent relapses.  
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2 Background	
2.1 Cancer	development	and	diagnosis	
Cancer is a broad group of diseases involving unregulated cell growth and the formation of malignant 
tumors, which invade nearby parts of the body. Aggressive subtypes even spread to more distant parts 
of the body through the lymphatic system or bloodstream and form metastasis. Although there are 
over 200 known types of cancer that afflict humans originating from different organs and cell types 
(Service 2005), general mechanisms describing malignant tumor development and metastasis have 
been identified by the definition of certain hallmarks (Hanahan and Weinberg 2011) (see Fig. 2.1). 
Normal tissues regulate cell growth, apoptosis and division by complex signalling pathways, ensuring a 
homeostasis of cell number and maintenance of tissue architecture and function. A fundamental step 
in tumor development is to sustain chronic proliferation and to evade growth suppressors. In 
anticipation to uncontrolled growth, tumor suppressor genes regulate cell cycle and promote 
apoptosis. The immune system functions as a host defensive mechanism protecting against invading 
pathogens and transformed cells, including cancer. For unhindered tumor growth and the formation of 
micrometastasis, cancer cells manage to avoid defence mechanisms of the various arms of the immune 
system by processes not fully understood yet (Lakshmi Narendra, Eshvendar Reddy et al. 2013). 
Contrary to this, recent studies show that tumor-associated inflammatory response such as the 
presence of macrophages also has a paradoxical effect of enhancing tumorigenesis and progression 
(Pollard 2004).  
Cells in normal tissue experience cellular aging. After several cell divisions (about 50 for in vitro culture) 
cells  enter cellular senescence, a non-proliferative but viable state (Hayflick limit (Hayflick 1965)). For 
unlimited proliferation tumor cells have to elude cellular aging processes and enable replicative 
immortality. Tumors cannot grow beyond a certain size, generally 1–2 mm3, due to a lack of oxygen and 
other essential nutrients (McDougall, Anderson et al. 2006). During tumor growth a further hallmark is 
characterized by induced angiogenesis overcoming the limit of avascular growth enabling potentially 
fatal tumor progression.  
Activating invasion of the surrounding tissue and the formation of distant metastases is associated with 
alterations in cell shape as well as in their attachment to other cells and to the extracellular matrix. For 
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cells from carcinoma (that are tumors arising from epithelia tissue) phenotypical changes such as loss 
of apico-basal polarity and acquisition of fibroblast-like spindle cell shape, loosened cell-cell and 
enhanced cell-matrix contact and stress-fiber formation accompanied by molecular changes like loss 
of E-cadherin and the up-regulation of N-cadherin and vimentin have been described (Jung, Hwang et 
al. 2007; De Wever, Pauwels et al. 2008). 
Genetic and epigenetic mutations and variations are required to acquire several hallmarks of tumor 
development (Hanahan and Weinberg 2011). Malignant transformation can occur through the 
formation of novel oncogenes, over-expression of normal oncogenes or by blocking tumor suppressor 
genes. Typically, several gene mutation are required for malignant transformation of a cell (Knudson 
2001). Epigenetic alterations refer to functionally relevant modifications to the genome that do not 
involve a change in the nucleotide sequence. Examples of such modifications are changes in DNA 
methylation and histone modification and changes in chromosomal architecture. Each of these 
epigenetic alterations serves to regulate gene expression without altering the underlying DNA 
sequence. These changes may remain through cell divisions and last for multiple generations (Berdasco 
and Esteller 2010).  
 
Fig. 2.1 Hallmarks of cancer (figure taken and adapted from Hanahan and Weinberg, Cell, 2011). 
Pathological classification of resected tumors and biopsies determines the therapeutic strategy after a 
tumor is detected within a patient. The pathological classification has to give answers on the 
aggressiveness of the tumor and prognosis of its further development. Therefore pathologists employ 
two systems of tumor classification: grading, a measure of cell appearance in tumors, and staging, a 
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measure of the extent to which the tumor has spread by classifying tumor size, nearby lymph node 
status and the present of distant metastasis.  
The grading of a cancer in the breast depends on the microscopic similarity of breast cancer cells to 
normal breast tissue, and classifies the cancer as well differentiated (low grade 1), moderately 
differentiated (intermediate grade 2), and poorly differentiated (high grade 3), reflecting progressively 
less normal appearing cells that have a worsening prognosis. There are different "scoring systems" 
available for determining the grade of a breast cancer. One of these systems is the Nottingham 
Histologic Score system (the Elston-Ellis modification of Scarff-Bloom-Richardson grading system 
(Elston and Ellis 1991)) which was applied for pathological staging of the breast cancer samples used in 
this thesis. The considered factors in this system comprise tubule formation (i.e. to what percent the 
tumor forms normal duct structures), nuclear pleomorphism (i.e. morphological anomalies of the cell 
nucleus) and mitotic activity (which gives information about cell proliferation rates). 
In addition to traditional tumor/nodal/metastatic staging variables, immunohistologic analysis of 
estrogen (ER), progesterone (PR) and HER2neu receptor status are used as prognostic and predictive 
factors. ER and PR are hormone receptors expressed in some cancers. The proliferation of cells with 
positive ER and PR status is stimulated by the presence of estrogen or progesterone. Hormone receptor 
positive patients are likely to respond to endocrine therapy lowering or blocking both hormones 
(Bardou, Arpino et al. 2003). The HER2neu oncogene is a marker for aggressive breast cancers. Patients 
positive for Her2neu have a higher risk for relapses and a lower overall survival probability (Slamon, 
Clark et al. 1987). Cells expressing HER2neu can be targeted by monoclonal antibody, which improves 
the success of chemotherapy. 
As mentioned above, cancer cells often show genetic mutations and/or alteration in gene expression. 
Every expressed gene not found in normal cells serves as a potential target for drug treatment and 
marker-driven personalized therapy. For breast cancer alone differences in the expression of hundreds 
of genes have been found. Although the significance of many of those genetic differences is unknown, 
certain groups of genes have a tendency to co-express. These co-expressing clusters can be analysed 
using DNA microarrays (Ross, Hatzis et al. 2008). Although there is considerable evidence that these 
tests can refine the treatment decisions in a meaningful proportion of breast cancers (Albain, Paik et 
al. 2009), these tests are expensive due to the huge variety of possible markers, which are specific for 
every type of cancer.  
A generalized marker such as biomechanical behavior of cells would enable to classify almost all types 
of cancer and to give a prognosis on the outcome. Furthermore, the knowledge of what drives 
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biomechanical changes during tumor progression would give toeholds to cancer therapy, which could 
be applied for multiple types of cancer. 
2.2 Biomechanics	of	cells	
Nanobiomechanics is an emerging field that can make significant contributions in the study of human 
diseases (Lee and Lim 2007). Classical mechanical models have been successfully applied to model the 
mechanics of deformation of biological cells, subcellular components and biological molecular 
networks and attachment systems (Wang and Discher 2007). An overview on biomechanical 
measurement techniques and rheological models used in cell biomechanics will be given in chapter 
2.2.2 and 2.2.4. Alterations in cell composition due to pathological degradation can lead to altered 
biomechanical properties (see Fig. 2.2). Changes on the cytoskeletal network during malignant 
transformation in cancer development will be discussed in the following chapter. The detection and 
characterisation of these changes can provide valuable diagnostic information and, by revealing 
general mechanisms, give toeholds for new cancer treatment strategies.  
 
Fig. 2.2: Scheme of chemobiomechanical pathways leading to disease state (taken and modified from Suresh, 
Acta Materialia 2007). 
2.2.1 Cytoskeletal	changes	in	cancer	cells	
The cytoskeleton, which basic components are biopolymeric proteins, determines the shape and 
mechanical rigidity of the cell (Alberts, Johnson et al. 2002). Through integrins and adhesion complexes 
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the cell connects to proteins of the extracellular matrix (ECM). The cytoskeleton, in concert with 
additional proteins, plays a major role in cellular processes like mitosis, motility and 
mechanotransduction. The structure of the cytoskeleton and ECM are degraded by cancer which 
influences the cell mechanics, motility and growth. 
There are three distinct types of polymer biomolecules found in eukaryotic cells, providing the 
structural elements for the cytoskeletal scaffold with different mechanical properties: rigid 
microtubules, semi-flexible actin filaments (also known as microfilaments) and flexible intermediate 
filaments (see Fig. 2.3). Accessory proteins linking the filaments to cell components as well as to each 
other are essential for the controlled assembly of the cytoskeletal filaments in particular locations, and 
it includes the motor proteins that either move organelles along the filaments or move the filaments 
themselves (Alberts, Johnson et al. 2002). 
2.2.1.1 Cytoskeletal	changes	in	cancer:	Actin	network	
Actin filaments are composed of globular actin subunits that constitute the constantly polymerizing 
and depolymerizing filaments of  ̴1 μm length (Fig. 2.3A-C). These filaments are highly dynamic and can 
form different structural arrangements with the help of distinct binding proteins (Alberts, Johnson et 
al. 2002). The two major arrangements are bundles and networks. Actin filaments are polar, the ATP-
powered growth occurs at the filament’s plus end whereas at the minus end the filament gets 
disassembled. In bundles, short crosslinking proteins align the filaments into tight parallel arrays. In 
networks, however, the filaments are crosslinked by longer proteins resulting in a comparatively loosely 
packed crisscrossed arrangement. Besides crosslinking proteins there are numerous additional 
regulatory proteins that sever, cap, nucleate or enhance polymerisation of actin filaments. Motor 
proteins such as myosin II apply forces to individual filaments enabling active contractions (Lodish 
2000). Actin plays a major role in cell motility (Pollard and Borisy 2003). Filamentous and globular actin 
is found in high concentrations in cell protrusions like filopodia and lamellipodia forming the leading 
edge in cell migration. Large, cable-like structures called stress fibers attach to focal adhesions 
providing additional strength and contracting forces in response to external mechanical stimuli (Zhu, 
Bao et al. 2000). 
Changes in the organisation of the actin network to a disordered state during malignant transformation 
have been reported as early as 1975 for cultured cells (Pollack, Osborn et al. 1975). Though no 
significant changes in overall actin content have been observed (Rubin, Warren et al. 1978), reduced F-
actin content have been reported for malignant transformed cells (Rao, Hemstreet et al. 1991). 
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Suspended cells acquire a spherical shape where the F-actin forms a shell-like cortex. In malignant 
transformed cells this actin cortex was found to be thinner compared to untransformed controls (Guck, 
Schinkinger et al. 2005). In contrast to this, enhanced actin bundling and lamellipodia formation was 
found in migrating cancer cells accompanied by up-regulation of actin binding proteins like cofilin, 
which severs actin filaments by creating more positive ends on filament fragments and therefore 
promoting branching and growth (Yamaguchi and Condeelis 2007). The actin cytoskeleton serves as a 
scaffold for signalling, a connection with the extracellular environment and a mechano-sensor. 
However, there is no general rule whether actin bundling promotes or inhibits cancer metastasis; 
rather, cancer cells can adjust the extent of actin bundling to alter their signalling, growth, or adhesion 
and mechanical properties and thus can be selected for survival during various phases of tumor 
progression and metastatic spread (Stevenson, Veltman et al. 2012). Enhanced activity of the motor 
protein myosin II, which forms parallel actin bundles and enables cell contraction, was positive 
correlated with disease recurrence and metastasis in non-small lung cancer (Minamiya, Nakagawa et 
al. 2005). The complex interplay of actin and actin binding proteins in motility, invasion, polarity, 
survival and growth of normal cells and its alterations in tumor cells are not fully understood and 
remain a growing field of research (Stevenson, Veltman et al. 2012).  
2.2.1.2 Cytoskeletal	changes	in	cancer:	Microtubules	
Microtubules are hollow rods of about 25 nm outer and 14 nm inner diameter (Suresh 2007). The 
tubular structure comprises tubulin, where a globular dimer consists of two different polypeptides (α-
tubulin and β-tubulin, see Fig. 2.3D-F). The filaments are polar and highly dynamic, constantly adding 
and subtracting tubulin dimmers at both ends of the filament (Alberts, Johnson et al. 2002). In cells, 
the minus ends of microtubules are anchored in structures called microtubule organizing centers 
(MTOCs). The primary MTOC in a cell is called the centrosome, and it is usually located adjacent to the 
nucleus. Microtubules tend to grow out from the centrosome to the plasma membrane (Lodish 2000). 
In non-dividing cells, microtubule networks radiate out from the centrosome to provide the basic 
organization of the cytoplasm, including the positioning and transport of organelles and other cellular 
factors through motor proteins. In neurons, microtubules drive axon elongation and shrinking (Dent 
and Gertler 2003). 
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Fig. 2.3: Cytoskeletal components. A: Actin filaments (AF) are composed by actin monomers forming a spiral 
chain. B: AF are found in cell cortex and protrusions driving motility. C: Actin dynamics enable fast restructuring 
of the network (scheme taken from Wottawah, 2006). D: Microtubules (MT) contain two polypeptide subunits 
forming in concert with dimmers hollow filaments. E: MT’s grow from a microtubule organizing center. F: MT 
play an important role in cell division and neuronal growth cone dynamics. G: Intermediate filaments (IF) are 
a family of related proteins sharing a common rope-like structure. H: IF’s are found in the cell soma. I: IF 
structure is less dynamic and can be stretched several times its initial length (scheme I) taken from Scitable, 
nature Education). 
Increased proliferation is a typical feature of cancer cells. For mitosis, microtubules are extremely 
important. The correct formation of the mitotic spindle is a prerequisite to properly separate duplicated 
chromosomes. This makes microtubules an important target for anticancer drugs. The biological 
functions of microtubules are determined and regulated by their polymerization dynamics. There are 
two kinds of non-equilibrium dynamics associated with microtubule formation: so-called dynamic 
instability and treadmilling. Dynamic instability refers to the coexistence of assembly and disassembly 
at the plus end of a microtubule. The microtubule can dynamically switch between growing and 
shrinking phases in this region. During polymerization, both the α- and β-subunits of the tubulin dimer 
are bound to guanosine triphosphate (GTP), a regulatory protein. While GTP bound to α-tubulin is 
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stable, GTP bound to β-tubulin may be hydrolyzed to GDP by GTPase during or shortly after 
polymerization. GDP bound tubulin has a weaker binding affinity to adjacent molecules, thereby 
favoring depolymerisation. Growth and shrinkage are therefore determined by rate of GTP bound 
tubulin addition to the plus end and hydrolysis activity of GTPase. Faster hydrolysis leads to 
depolymerisation, lower hydrolysis of GTP to polymerization (Cooper 2000). Treadmilling characterizes 
the net growth at the plus end of the microtubule and balanced net shortening at the minus end. It 
depends on dimer availability at the growing end or, more correctly, on the differences of the tubulin 
subunit concentrations at the opposite microtubule ends. Microtubule stabilizing drugs like taxol used 
in cancer therapy interfere in this dynamic process hindering the cell to undergo mitosis (Jordan and 
Wilson 2004). Since tumor cells show a higher proliferative behaviour than normal cells of the 
surrounding tissue, these drugs act mainly on malignant cells suppressing tumor growth. 
2.2.1.3 Cytoskeletal	changes	in	cancer:	Intermediate	filaments		
Intermediate filaments (IF) play primarily a structural role. Intermediate filaments comprise a whole 
family of related proteins sharing a common rope-like structure, distinct members can be found in 
different cell types (e.g. keratins in epithelia cells and vimentin in fibroblasts). This large family of 
proteins is subdivided into five types, four of which are located in the cytoplasm (cytoskeletal IF) and 
one in the nucleus (nucleoskeletal IF). In the cytoplasm, one, two or even more types of IF protein 
chains can polymerize into cytoskeletal intermediate filaments of 10 nm diameter (Eriksson, Dechat et 
al. 2009). In most cells, IF assemble into complex networks that range through the cytoplasm between 
the nucleus and the cell surface. Towards the cell center, IF appear to attach to the nuclear membrane. 
Cytoskeletal IF play important roles in a wide range of cellular functions. These include the formation 
and maintenance of cell shape, cellular mechanical integrity, signal transduction, and the overall 
stability and integration of other cytoskeletal systems including microtubules and actin filaments 
(Eriksson, Dechat et al. 2009). Altered expression of vimentin and keratin of cancer cells has been 
reported for certain types of tumors (Trask, Band et al. 1990; Korsching, Packeisen et al. 2005). 
The types of intermediate filaments expressed in cells are tissue specific. For example epithelial cells 
are characterized by cytokeratins, most neurones express neurofilaments, muscle cells are 
characterized by the presence of desmin filaments, mesenchymal cells (e.g. fibroblasts) and certain 
other nonepithelial cell types express vimentin. In several cancers it was found that the cell type 
specific expression of intermediate filaments is altered. For some cancers these altered expressions 
were proposed as histologic markers (Osborn 1983). In breast cancer, the types of keratins expressed 
vary from those expressed in normal epithelial cells (Trask, Band et al. 1990). Furthermore, some breast 
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cancer cells express vimentin, which is not found in normal mammary epithelial cells but in 
mesenchymal fibroblasts (Hendrix, Seftor et al. 1997). These observations predominantly done on cell 
culture systems were explained by cells losing their epithelial features and gaining mesenchymal 
properties during metastasis enabling invasion of the extracellular matrix, which is not possible for 
normal epithelial cells (Hendrix, Seftor et al. 1997). During breast cancer progression cells lose their 
apico-basal polarity and acquire a more spindle-like shape. They lose cell-cell junctions and form more 
adhesion sites with the extracellular matrix (Condeelis and Segall 2003). These are typical properties 
of mesenchymal fibroblasts. In combination with the expression of vimentin cancer cells are thought 
to undergo “mesenchymal transformation” when becoming invasive. 
 
2.2.2 	Micro-mechanical	measurement	techniques	
The changes in cell behavior that occur as cancer develops are, in part, dependent on changes in 
physical properties of the cells. Biomechanical measurements on cell lines as well as on primary cells 
have revealed changes in the mechanical behaviour of cancerous cells compared to their normal 
counterpart cell line (Ward, Li et al. 1991; Lekka, Laidler et al. 1999; Guck, Schinkinger et al. 2005; Park, 
Koch et al. 2005; Cross, Jin et al. 2008). Typical used biomechanical assays and their range of application 
will be discussed in this chapter. 
The various methods that have been developed to probe biomechanical properties of biological 
samples differ in the force range and displacement length they can apply on samples and the sensitivity 
with which responses of the material can be detected (see Table 2.1). The experimental methods can 
be divided in active and passive techniques. Active techniques apply well controlled forces to single or 
multiple cells and quantify the induced deformation. The applied forces are typically in the same range 
as physiological forces acting on cellular or molecular level. Thereby, forces generated by motor 
proteins range from 1-10 pN and forces generated by a migrating or contracting cell are in the range of 
1 nN to 10 µN (Kamm, Lammerding et al. 2010). Passive techniques measure forces generated by the 
cell themselves or quantify the random motion of particles embedded in the cytoplasm and subjected 
to thermal fluctuations. 
The atomic force microscope (Fig. 2.4A) is widely used to image cells, measure cellular stiffness, force 
generation(Zimmermann, Brunner et al. 2012) and quantify single molecule interaction (Jauvert, Dague 
et al. 2012). The AFM consists of a cantilever with a sharp tip at its end which can be functionalized 
with bioactive molecules or polystyrene beads. Local deformation is induced on the cell surface 
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through physical contact with the cantilever tip. The deflection of the cantilever detected by a 
photodiode can be used to infer the indentation depth and calculate the applied force. A further 
development even allows to measure a stiffness map of tissue samples (Plodinec, Loparic et al. 2012). 
Magnetic twisting cytometry (Fig. 2.4B) is based on twisting ligand-coated magnetic beads bound to 
membrane receptors.  An external magnetic field is used to apply a twisting stress to the bead. The 
consequent rotation is opposed by mechanical stress developed within the cell to which the bead is 
attached. A magnetometer records the changes in magnetic field caused by the motion of the bead 
(Puig-De-Morales, Grabulosa et al. 2001). The rotation of the bead can also be imaged using light 
microscopy with simultaneously detecting displacements of individual beads, so that loosely attached 
beads that might rotate freely can be excluded from the overall measurements (Kamm, Lammerding 
et al. 2010). A new approach is to use magnetic twisting cytometry to transmit forces to cellular 
structures and thereby inducing different biochemical responses within the cytoplasm. By using 
sophisticated fluorescence imaging techniques mechanosensory pathway cascades can be imaged (Poh 
and Wang 2012). 
 
Method	 Typical	force	range	 Displacement	range	
Atomic	force	microscopy	 10 pN - 100 nN 100 pm – 10 µm 
Magnetic	bead	microrheology	
(twisting)	
10 pN – 1 nN 10 nm – 10 µm 
Magnetic	bead	microrheology	
(pulling)	
10 pN – 10 nN -- 
Microintentation	 1 – 100 nN -- 
Optical	tweezers	 1 – 500 pN 10 nm – 10 µm 
Microplate	stretcher	 1 – 100 nN 1 – 100 µm 
mPAD	 1 – 100 nN 100 nm – 100 µm 
Micropipette	aspiration	 0.1 – 100 nN 0.5 – 10 µm 
Shear	flow	 10 – 100 nN 10 nm – 100 µm 
Substrate	stretcher	 10 – 100 nN 10 nm – 1 mm 
Table 2.1: Typical force and displacement range of biomechanical methods (data taken from Suresh, 2007 and 
Kamm et al., Handbook of Nanotechnology 2010) 
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Fig. 2.4: Experimental methods in biophysics. A: Atomic force microscopy (AFM) B: Magnetic twisting 
cytometry (MTC) C: Instrumented depth-sensing indentation or cell poking D: Optical tweezer (OT) E: 
Mechanical microplate stretcher (MS) F: Micro-postarray deformation (mPAD) G: Micropipette aspiration (MA) 
H: Fluid shear stress application I: Substrate strain experiments (figure taken from Suresh, 2007) 
Microindenter (Fig. 2.4C) can perform displacement-controlled indentation tests on the surface of 
individual cells similar to AFM measurements. A small probe is used to poke single cells or thin tissue 
slides,  while data can be obtained by either microscopic imaging or by measuring the resistive force of 
the intender. The latter requires a sensitive force-transducing system (Shin and Athanasiou 1999). 
Further developed techniques can even probe tissue in vivo (Hansma, Yu et al. 2009). 
Optical tweezer (Fig. 2.4D) can exert well defined forces on cells and the displacement can be 
monitored optically. In the highly focussed laser beam of the tweezer a dielectric bead with high 
refractive index attached to the surface of a cell is trapped. In the center of the focussed beam a strong 
electric field gradient is formed along in which dielectric particles are attracted towards the focal point 
of the trap. The force applied on the particle depends linearly on the displacement from the trap center. 
The optical trap therefore acts as an elastic spring following Hook’s law with a tuneable spring constant, 
allowing precise particle manipulation in all directions. Pulling con a cell can either be achieved by using 
attached cells or by splitting the laser beam into independently controlled multiple beams and forming 
two opposing contact points (Mills, Qie et al. 2004).  Due to heating effects of the laser beam, the laser 
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power is limited and so are the applied forces (typically 1 – 500 pN, see Table 2.1). These forces are 
ideally suited e.g. for measurements of single molecules (Arias-Gonzalez 2013), actin bundles (Strehle, 
Schnauß et al. 2011) and membrane tethers (Pontes, Viana et al. 2011). For large scale deformation on 
whole cells another optical trap, the Optical Stretcher, is more suitable. This technique is explained in 
detail in chapter 2.2.3. 
Microplate stretchers (Fig. 2.4E) use two functionalized microplates. To a rigid, piezo-controlled plate 
the cell is allowed to attach. A second, flexible plate is then brought to close contact with the cell, to 
allow adhesion. The slides are then slowly moved apart, thus stretching the cell between the plates. 
Alternatively, non-functionalized plates can be used to compress the cell and, after removing, the 
restoration of the original shape can be observed. The whole experiment is monitored by microscopy. 
The applied force is inferred from the induced deflection of the flexible plate. Microplate stretchers can 
exert high forces on a cell, causing extensive stretching (Thoumine and Ott 1997). 
Microfabricated micropillars (Fig. 2.4F) are a method to passively measure force generation of cells 
themselves. The cells are plated on micropillars that act as cantilevers and deflect under the cellular 
traction force. The stiffness of the micropillars can be controlled by adjusting the cross-sectional area 
or length of the micropillars (Tan, Tien et al. 2003; Kamm, Lammerding et al. 2010). 
The micropipette aspiration technique (Fig. 2.4G) uses micropipettes to aspirate adherent or 
suspended cells with a suction pressure in the range of 100 – 10 000 Pa (Kamm, Lammerding et al. 
2010). The location and movement of the aspirated cell edge inside the micropipette is measured via 
microscopy (Hochmuth 2000).   
In shear flow experiments (Fig. 2.4H) between parallel plates of a flow chamber a constant flow is 
established. Cells within the gap of the two plates get sheared due to the flow, which is controlled by 
the flow rate and the gap. In adapted setups a special shaped gasket is used to create a broadening 
flow channel and this way installing a flow gradient and subsequently a shear stress gradient (Usami, 
Chen et al. 1993). Using transparent glass slides as plates imaging of the cells during shearing is 
possible. The shear stress at the cell surface can be calculated for a Newtonian in the simple parallel 
plate geometry as τ=6Qη/ωh² where τ is the fluid shear stress at the cell surface, Q the flow rate, η the 
viscosity, ω the channel width and h the channel height. Another method for shear flow experiments 
involving laminar and turbulent flows uses a cone-and-plate viscometer consisting of a stationary flat 
plane and a rotating inverted cone (Suresh 2007). Another method uses microfluidic channels. Inertial 
focused suspended cells are delivered to an extensional flow region where they get deformed by 
hydrodynamic stress. This setup achieves high sample rates of about 2000 cells/s. At this high-speed 
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detection of cell deformation, large strains are required to minimize noise from image analysis (Gossett, 
Tse et al. 2012).  
Substrate strain experiments (Fig. 2.4I) apply controlled strain to cells plated on a flexible polymeric 
substrate, e.g. silicone, to which the cells are attached. Here, a whole cell population can be stretched 
simultaneously under the same conditions. This method can be used to mimic strain, lung cells 
experience during breathing and mechanical ventilation (Hammerschmidt, Kuhn et al. 2004).  The 
silicone surfaces is often coated with adhesion proteins promoting cell attachment. The strain can be 
applied uni- or bi-axial stretching the cell up to 130 % of its initial size (higher deformation would cause 
cell damage, which should be avoided). The strain is transmitted to the cytoskeleton through the 
adhesion points the cell forms with the substrate and to which the cytoskeleton is directly coupled. 
Since the cytoskeleton reacts to (cyclic) mechanical stress with the formation of stress fibers and 
remodelling of the networks, substrate strain experiments combined with fluorescence microscopy can 
be used to study cytoskeletal dynamics (Wang and Pelham 1998; Wang, Goldschmidt-Clermont et al. 
2000). 
  
2.2.3 	Interaction	of	laser	light	with	cells:	physical	principles	
of	the	Optical	Stretcher	
Optical traps for manipulation of particles in the micro- and nanometer regime have been first 
proposed in the 1970 (Ashkin 1970). Since then several optical traps have been developed and are 
routinely used for physical manipulation of biomolecules and cells. One of the more recent ones is the 
Optical Stretcher, which enables contact-free measurements of single suspended cells exerting tensile 
forces in the range of pico-Newton (Guck, Ananthakrishnan et al. 2000; Guck, Ananthakrishnan et al. 
2001). It applies two divergent, counter-propagating laser beams with a Gaussian beam profile to form 
a stable trap (see Fig. 2.5).  For interaction of light with particles there are different solutions to 
Maxwell’s equations depending on the size d of the particle and the applied wavelength λ. For d>>λ 
geometric optics (i.e. ray optics) can be applied, whereas d<<λ can be described by Rayleigh scattering. 
For d≈λ the more exact Lorenz-Mie solution has to be used to describe scattering effects. In the Optical 
Stretcher, an IR laser emitting a single-mode beam with a wavelength of 1064 nm is used, whereas the 
diameter of eukaryotic cells varies between 8 (red blood cells) and 30 (keratinocytes) µm. Therefore 
the criterium d>>λ can be regarded as satisfied for most cells, but smaller cells, cell components with 
higher refractive index (e.g. cell nucleus) and particles might come close to d≈λ. Boyde et al. computed 
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and compared surface stresses on a particle of 10 µm diameter in a dual-beam laser trap by using ray 
optics and generalized Lorenz-Mie theory. Both simulations were found to be in good agreement with 
each other (Boyde, Ekpenyong et al. 2012). Here, ray optics will be used to describe interaction of light 
with cells in the Optical Stretcher. 
 
Fig. 2.5: Principle of the Optical Stretcher. A: Scheme of a cell inside a laser trap formed by two counter-
propagating laser beams. At trapping power the cell maintains its almost spherical ground state (turquoise 
circle marks the cell edge). In stretching phase at increased laser power, the cell elongates along the laser axis. 
The cell size independent observation parameter “relative deformation” is calculated by the ratio of elongation 
in ground state to elongation at the observed instant of time. B: Relative deformation of a cell plotted over 
time (step-stress experiment with 2 s stretching phase starting at t=1 s). 
In 1905 Einstein presented an explanation of the photoelectric effect using the quantum hypothesis of 
Planck. Light is a flow of corpuscular objects with definite energies - Planck's quanta of energy (Einstein 
1905). Contrary to Newton’s second law, massless quasi- particles are able to apply forces, according 
to classical transfer and conservation of momenta. 
Following this explanation, a photon travelling in media of refractive index  carries a momentum  
given by: 
  		 
 
(2.1)
where    is the energy of a photon, 
 is the unit vector in direction of propagation and 	 is the 
speed of light in vacuum. When laser light trespasses the surface of a sphere with a refractive index 2n  
the angle of incidence α  and the angle of refraction β  are connected via Snell’s Law 
  	 sin . (2.2)
A B 
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Incident, transmitted and reflected light ray described by the momenta ip , tp  and rp respectively 
(see Fig. 2.6), are given by 
  	 , 
(2.3)
  	 1 −  !, 
(2.4)
  	  . 
(2.5)
R(α) is the angle dependent reflectivity on the surface of the sphere. As the ray exits the sphere it is 
refracted once more yielding 2rp
r
 and 2tp
r
. At the initial refraction, the momentum transferred to the 
sphere’s surface is 
front i r tp p p p∆ = − −
r r r r
,         (2.6) 
and for the emerging light ray it is 
2 2back t r tp p p p∆ = − −
r r r r
.       (2.7) 
These transferred momenta are always normal to the surface (Guck, Ananthakrishnan et al. 2000). They 
create a surface stress which can be expressed by 
 
( ) ( ) ( ) ( )( ) F p p E p I
A tA E tA E
α α α α
σ α
∆ ∆ ∆
= = = =
∆ ∆
,               (2.8) 
 
with I being the intensity of the incident ray light. For a two beam laser trap the entire stress profile 
can be approximated by the analytic expression 
0( ) cosnσ α σ α= ,            (2.9) 
where n is an even number and σ0 the peak stress along the laser axis (Schinkinger, Wottawah et al. 
2004). An example of a numerically calculated stress profile of a cell in a typical measurement setup 
can be found in Fig. 2.7. 
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Fig. 2.6: Momentum transfer for an incident light ray on a sphere with higher refractive index. The incident 
light ray carries the momentum ip
r
, the refracted ray the momentum tp
r
and the reflected ray the momentum
r
pr . frontp∆
r
 and backp∆
r
 are transferred to the surface due to conservation of momentum. 
 
 
Fig. 2.7: Surface stress on cell. Numerical calculated profile (solid line) and analytical approximation (dotted 
line, 0( ) cosnσ α σ α=  with n=12) for a cell with a diameter of 20 µm and a refractive index of ncell= 1.372 
and nmedium= 1.3205 being stretched at 1 W in a dual-beam laser trap with a fiber-to-fiber distance of 100 µm.  
Analysing the perpendicular components of the resulting force shows that the scattering force, arising 
from the Gaussian beam profile, pushes a trapped sphere away from the laser source, whereas the 
gradient force pulls it onto the laser axis. For the dual-beam setup of the Optical Stretcher the scattering 
forces cancel each other out in the center of the trap, whereas the gradient force drags the cell into 
the beam axis. This way a stable trap is formed where the cell can be symmetrically stretched by the 
acting surface forces. Physical models of stress-strain-relations of cells will be discussed in the following 
chapter. 
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2.2.4 	Physical	models	of	cell	rheology		
Rheology is the study of how materials (fluid to “soft solids”) deform when forces are applied to them. 
Extending continuum mechanics, it aims to describe the flow of materials that exhibits a combination 
of elastic, viscous and plastic behaviour by properly combining elasticity and Newtonian fluid 
mechanics. When measuring the biomechanical properties of cells, the mechanical response is the 
result of the complex interplay of all cytoskeletal components and accessory proteins. Besides whole 
cell elasticity measurements of living cells, the mechanical properties of reconstituted cytoskeletal 
polymer networks in vitro can be measured.  
Cytoskeletal networks behave viscoelastic, i.e. the mechanical response to external stress is a mixture 
of the elastic behaviour of a Hookean solid, where the extension of the material is proportional to the 
load, and a Newtonian fluid, where the flow will persist as long as a stress is applied and the stress 
being proportional to the flow rate. Fig. 2.9 shows the stress-strain measurement of polymer gels of 
the three main cytoskeletal polymers in creep experiments. All three gels show viscoelastic behavior  
(Janmey, Euteneuer et al. 1991). Two forms of mechanical probing can be distinguished: single 
creep/stress-relaxation tests, where a constant load is applied or the stress is abruptly released (Fig. 
2.8B) and dynamic measurements, where an oscillatory force is used to probe biomechanical 
properties (Fig. 2.8C). From periodic shearing of a viscoelastic sample of a range of frequencies ω the 
complex shear modulus G*(ω) = G’(ω) + iG’’(ω) can be observed. Thereby, the real part G’ indicates the 
elastic component and the imaginary part G’’ the viscous component.  
 
Fig. 2.8: Shear stress on materials. A: A force F is applied along the surface of a box with high h. The surface 
consequently deforms ∆x. B: Creep compliance experiment. An external constant shear stress σ0 is applied for 
a certain time causing a strain γ of the material. After releasing the stress, the material relaxes. C: Oscillating 
stress applied to a material. The phase shift δ would be 0° for an ideal elastic and 90° for an ideal viscous 
material. 
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Fig. 2.9: Stress/strain behaviour of actin, tubulin and vimentin polymer gels in single creep experiments. While 
mircotubules and actin filaments rupture at a certain strain, the intermediate filament vimentin remains 
undamaged. For small strains the gels show a linear dependence (figure taken and adapted from Janmey, 
1991). 
In order to draw conclusions from the cell’s biomechanical behavior in response to external stress to 
how the transmission and distribution of these mechanical signals are eventually converted to 
biological and chemical responses in the cell, a wide range of computational and phenomenological 
models have been proposed. The main challenge for these models is to account for the cell’s anisotropy, 
active dynamics and continuously remodelling of the cytoskeleton (Kamm, Lammerding et al. 2010). 
An overview of the different models can be found in Fig. 2.10. These models use two main approaches: 
Continuum models assume a cell as a compound material with certain continuum material properties. 
Micro/Nanostructural based models predict network properties by characterising biopolymeric 
components and the type of crosslinks they form (Lim, Zhou et al. 2006). 
 
Fig. 2.10: Overview of physical models describing biomechanical behavior of living cells (figure based on Lim, 
2006).  
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2.2.4.1 Micro/Nanostructural	Approach	
Here, the cytoskeletal network is regarded as a polymer gel whose structural elements have distinct 
mechanical properties. These properties were determined by in vitro experiments of gels with different 
composition and concentrations of polymers, solvents and accessory proteins (Janmey, Euteneuer et 
al. 1991; Tempel, Isenberg et al. 1996; Xu, Schwarz et al. 1998). As mentioned above, the three main 
components of the cytoskeleton, actin, microtubules and intermediate filaments, differ in stiffness. The 
stiffness of a polymer can be quantified by its persistence length LP=κ/kBT, where κ is the bending 
rigidity, kB the Bolzmann’s constant and T the temperature. For actin filaments, the persistence length 
is in the order of the contour length L of the filament and is therefore regarded as semi-flexible. 
Microtubules have a persistence length much larger than their contour length and can be considered 
as rigid rod-like. Intermediate filaments are flexible with LP<<L (Käs, Strey et al. 1996). Though actin 
filaments are much less rigid than microtubules, high concentration of crosslinkers promotes the 
assembly of highly organized, stiff structures. Formations of microtubules, actin filaments and 
intermediate filaments interact with each either nonspecifically (through steric interactions and 
entanglement) or specifically (through proteins that link one filament type to another) (Fletcher and 
Mullins 2010). In biopolymer models, this complex picture is coarse-grained by considering each 
polymeric network separately. The dynamics of a single polymer chain in an entangled polymeric 
solution is explained by de Gennes’ model (de Gennes 1976). Entanglements with other polymer chains 
restrict polymer chain motion to a thin virtual tube passing through the restrictions. The mechanism 
for diffusion of the chain through these restrictions is called reptation. The diffusion constant is then 
given by 
"  #$%& '
()*2,-(  
(2.10)
where b is the diameter an L the length of the filament, and η the viscosity of the surrounding solvent 
(Käs, Strey et al. 1996). The reptation time τD, i.e. the time a chain needs to leave the original tube 
entirely is related to the diffusion constant by 
./  (²",² 
(2.11)
This reptation time is a measure for the time the network needs to fully relax (Käs, Strey et al. 1996). 
Estimates for typical F-actin solution give entanglement times of the order of seconds, whereas the 
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reptation time can be at the order of an hour (Frey 2002). Elastic behavior is observed in a time window 
between entanglement and reptation time. An externally imposed shear stress can then be described 
as a deformation of the virtual tube, leading to both a restriction of the allowed configuration in space 
and a bending of the average contour for each filament. This restriction can also be considered as loss 
in free energy, which results in a resistance against the applied shear stress (Frey 2002). For tightly 
entangled solutions of worm like chains the calculation of the complex shear modulus gets more 
complex. One solution can be found in (Morse 1998). However, this model only considers non-
crosslinked polymer networks consisting of one type of polymer with certain rigidity. Its application to 
live cell biomechanics is therefore limited. 
In cells, the actin network is crosslinked. Crosslinking stabilizes the filaments increasing the stiffness of 
the polymer network. The segment between two crosslinker behaves like a stiff polymer. Heussinger 
et al. proposed a model of rubber elasticity for stiff polymer networks (Heussinger, Schaefer et al. 
2007). They characterize the stiff polymers (i.e. the polymer segments) as highly anisotropic elastic 
objects with soft bending (i.e. transverse forces) response and a stiff linear response to stretching (i.e. 
longitudinal forces). 
Koenderink et al. suggested a model for an active biopolymer network. Regarding a crosslinked actin 
networks and added molecular motors, they identified a nonlinear regime where cell stiffness is 
sensitive to changes in motor activity (Koenderink, Dogic et al. 2009). The addition of myosin motors 
drastically stiffened the crosslinked network. In cells, this pre-stress contributes to cell stiffness. 
Changes in motor activity can model cell contraction, e.g. as observed in migrating cells. 
Tensegrity models assume two types of elements in a network: components that are in compression 
(microtubules) and components that are in tension (actin filaments). The interaction of both types of 
elements determines the structural integrity. Starting from a unit cell consisting of an interconnected 
system of elements in tension in balance with other elements in compression, a 3D network can be 
constructed. These stress-bearing elements are postulated to carry preexisting tensile stresses, called 
pre-stress, even before an external load is applied. Greater pretension of the elastic members results 
in greater resistance to external stress. In terms of material properties this means that for a high pre-
stress the Young’s modulus increases (Kamm, Lammerding et al. 2010). This model was successfully 
applied for studying contractile forces (and therefore different prestresses) of adherent smooth muscle 
cells exerted on the substrate. In the contractile state the cell stiffness increased linearly with the 
measured pre-stress (Wang, Tolic-Norrelykke et al. 2002).	
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2.2.4.2 		Continuum	models	
Biopolymer models become exceedingly complex when regarding a multi-component system 
influenced by accessory proteins interacting with the network formation. The continuum approach 
describes the cell as a compound material. Starting from a phenomenological observation of cell 
behavior using active and passive biomechanical methods, the mechanical properties are computed. 
Since many experimental methods apply loads in different regimes and on different time scales, various 
models have been developed. This section will give an overview on used continuum models. 
Liquid drop models assume cells as cortical shells with a liquid core. These models are widely applied 
for rounded-up, suspended cells. The Newtonian liquid drop model was first developed from 
observation based on micropipette aspiration experiments. Here, the cell is regarded as a homogenous 
Newtonian fluid with an anisotropic viscous fluid cortical layer, with a static tension but no bending 
resistance. Suspended cells aspirated into a micropipette with a small diameter under constant 
pressure deform continuously into the micropipette (Yeung and Evans 1989; Evans and Rawicz 1990). 
From this model, the membrane tension of the cell can be derived. The model only applies for either 
long timescales where the cell flows into the pipette or the recovery process after a large deformation. 
It is not able to model the rapid initial entry of the cell into the pipette (Lim, Zhou et al. 2006).  A more 
sophisticated model, the compound liquid drop model assumes a higher viscous core η2 (that is the cell 
nucleus) surrounded by a shell less viscous material η1 (that is the cytoplasm and cytoskeleton)(Kan, 
Udaykumar et al. 1998). The core and the shell are surrounded by a cortical layer having a surface 
tension T2 (nuclear envelope) and T1 (plasma membrane). In order to model small deformation and 
relaxation behavior on shorter timescales, the Maxwell liquid drop model introduces an elastic element 
into the core material, which is coupled in series with the viscous element. This so-called Maxwell 
element describes the core material, which is surrounded by a pre-stressed cortical shell. It enables to 
describe the initial “jump” of the cell membrane into the micropipette, when a cell is aspirated and the 
initial elastic rebound during recovery of cells after a short-time deformation (Lim, Zhou et al. 2006). 
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Fig. 2.11: Continuum models. The basic models combine viscous and elastic elements to describe cell behavior. 
The first three models are examples of liquid drop models, mainly considering the cell as a fluid-like core 
surrounded by a cortical membrane. The last model represents an example of viscoelastic solid approaches, 
where the cell is considered as a homogeneous material. The stress-strain relation is indicated in the lower 
graphs (figure based on Lim, 2006). 
Solid models assume the cell as a homogeneous material without considering a cortical layer. This 
simplifies the description of the cell behaviour and allows to easily introduce various elastic and viscous 
elements, which are connected serially or parallel to better describe the deformation behavior of cells. 
One approach based on solid viscoelastic models describing (passive) biomechanical behavior of cells 
deformed with the Optical Stretcher can be found in (Wottawah, Schinkinger et al. 2005) which applies 
quite well for small deformations and short timescales. Some cells show active contractions opposing 
applied stress already on timescales of few seconds (see chapter 4.3.3). The model fails to describe 
these active processes. 
Power law models apply for dynamic behavior of the cell, e.g. when exposed to an oscillatory stress. 
Cells respond to a low amplitude sinusoidal force signal with sinusoidal deformation at the same 
frequency but with a phase-shift accounting for viscous damping (see also Fig. 2.8C). In oscillatory AFM 
and MTC experiments it was found that the storage modulus G’ accounting for the elastic part depends 
on the applied frequency of the stress according to a weak power law (Fabry, Maksym et al. 2001). The 
spring-dashpot models of viscoelastic solids would predict a strong frequency dependence. At low 
frequencies the viscous part would dominate whereas at higher frequencies the storage modulus 
increases and the viscoelastic material would behave much more like an elastic solid (Wottawah, 
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Schinkinger et al. 2005). Contrary to this, the power-law structural damping model proposes (Fabry, 
Maksym et al. 2001) 
1∗3  1	 4 33	5 1 + - Γ1 −  8
,2 + 39 (2.12)
where α is the exponent of the power law, η=tan(απ/2) is the structural damping coefficient, μ the 
Newtonian viscous term, ω the angular frequency, Γ the gamma function G0 and ω0 scaling factor. The 
elastic modulus which corresponds to the real part increases for all ω according to the power law 
exponent α. Similarities were drawn between power-law structural damping models and the behavior 
of soft glassy materials (Fabry, Maksym et al. 2001). Allowing a continuous spectrum of relaxation 
times, this model can account for active remodelling processes of the cytoskeleton during relaxation. 
Still, the model cannot predict deformations and stresses experienced as a direct consequence of the 
cell’s biomechanical response to a mechanical load, e.g. contractions against an applied stress (Mofrad 
2009).  
Biphasic models regard fluid and solid behaviour of a cell separately. These model have been applied 
to describe the interaction of muscle cells with their extracellular cartilage matrix (Shieh and 
Athanasiou 2003). 
 
2.3 Cancer	cell	motility		
One important hallmark of cancer development is the detaching of single cells from the primary tumor 
and invasion of the surrounding tissue. To invade the body, the metastatic cell has to overcome 
compartment boundaries defined by embryonic development (Höckel, Horn et al. 2011; Mierke 2013). 
Cell motility is initiated by the protrusion of the cell membrane, which is termed filopodia, lamellipodia 
and invadopodia, dependent on its morphological, structural and functional characters (Yamaguchi and 
Condeelis 2007). It is driven by assembly and disassembly processes of actin filaments at the leading 
edge, cell adhesion and myosin-driven contraction (Olson and Sahai 2009). In this chapter, cellular 
motility will be described and the necessary transformations, an epithelial tumor cell has to undergo 
to enable detaching from the primary tumor and invasion of the surrounding tissue will be identified. 
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The motility of eukaryotic cells is driven by polymerization of monomeric actin into polarized filaments 
(Pollard and Borisy 2003). Treadmilling makes F-actin formation a dynamic process. Actin 
polymerization is regulated by regulatory proteins, which can positively influence the rate of monomer 
addition to barbed ends, nucleate new filaments, increase the number of barbed ends, and reduce 
depolymerisation (see also chapter 2.2.1.1), enabling cells to change shape and move in response to 
suitable chemical or mechanical stimuli. Many of these regulatory pathways become deregulated in 
cancer cells and can contribute to the invasive behavior of cancers. One example is the regulatory 
protein cofilin. In cells, cofilin increases the number of barbed ends of actin filaments and therefore 
stimulating branching and filament growth at the cell’s leading edge. In invasive breast cancer cells, the 
cofilin pathway is upregulated leading to a higher motile behavior (Wang, Goswami et al. 2004). Several 
studies on other regulatory proteins identified alterations in aggressive cancer cells all promoting 
motile behavior (Wang, Goswami et al. 2004).  
Cells moving within a 3D environment have to overcome the forces that arise from the steric hindrance 
of the matrix network (Zaman, Trapani et al. 2006). There are two types of migration behavior observed 
in cells: they either restructure their cell shape to fit through the small gaps of the matrix, or they 
change the matrix itself until the gaps are large enough to pass through. The latter case requires active 
force generation or the proteolytic remodeling of the extracellular matrix (see Fig. 2.12). Switching 
between cell body deforming (so-called amoeboid migration) versus matrix deforming migration (so-
called mesenchymal migration) strategies can be deduced from cell morphology changes between 
rounded versus elongated, spindle-like cell shapes (Friedl and Wolf 2003). Myosin II is a motor protein 
which binds to actin filaments and powers actin-myosin contrations. Contractile forces are generated, 
which drive the morphological reorganization and extracellular matrix remodeling that facilitate 
mesenchymal cell migration. The machinery coordinating polymerization and contraction to facilitate 
directional movement is not fully understood (Olson and Sahai 2009). Mierke et al. found, using cell 
lines and 3D collagen gels, a relation between the cell’s cell’s aggressiveness and the ability to overcome 
a barrier of endothelial cell monolayer and invasion depth into the matrix (Mierke, Zitterbart et al. 
2008). Thereby the generation of traction and contractile forces is crucial (Mierke, Rösel et al. 2008). It 
was observed that cancer cells can switch between amoeboid and mesenchymal migration. When 
proteolytic enzymes a cell releases to restructure the extracellular matrix, are inhibited to block 
mesenchymal migration of cancer cells, these cells then move with a rounded, blebbing morphology 
(Wolf, Mazo et al. 2003). Constriction of the cortical acto-myosin enables these cells to squeeze through 
gaps in the surrounding matrix as it is characteristic for amoeboid motion (Friedl and Wolf 2010). The 
capability of cancer cells to switch between modes of invasion depending on physical and molecular 
tissue environments presents a particular challenge in cancer therapy when designing inhibitor 
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strategies to block cell movement (Olson and Sahai 2009). Additionally, the tumor microenvironment 
is heterogeneous in its molecular and physical composition. This can drive the formation of tumor cell 
subpopulations making the tumor more robust against cancer treatment strategies (Yu, Mouw et al. 
2011). 
 
Fig. 2.12: Individual and collective cancer cell migration strategies. Whereas collective migrating cancer cells 
show close cell-cell contacts and remain their epithelial cell shape, individually migrating cells show rounded-
up or spindle-like morphologies and enhanced cell-matrix adhesion (taken and adapted from Friedl, 2003). 
 
2.4 Tumor	boundaries	
It was found for uterine cancers that, in a first stage, tumors develop and grow within their 
embryogenetic defined compartment from which they originate, leading to the establishment of 
compartment theory of locoregional tumor spread. According to this theory, cells can migrate within 
their compartment quite easily. Transgression into adjacent compartments with different 
embryogenetic origin requires substantial changes in the cell’s phenotype and therefore an advanced 
malignant progression (Höckel, Horn et al. 2012). When destroying compartmental boundaries during 
tumor surgery, relapse tumors more likely infiltrate adjacent compartments. Thus the compartmental 
border loses its tumor suppressive action (Höckel, Horn et al. 2012).  
38 
 
Classifying embryonic tissue into compartments with assigned homeostatic properties was first 
proposed by Steinberg by introducing the differential adhesion hypothesis (Steinberg 1963). It 
postulates that each type of embryonic tissue has a unique tissue surface tension which governs 
spontaneous liquid-like tissue spreading and cell segregation during development similar to the 
demixing of immiscible liquids. The different tissue tensions arise from differences in intercellular 
adhesion. Cell-cell contacts are predominantly mediated by cadherins in the cell membrane, the 
expression levels of which were shown to be proportional to the tissue surface tension (Foty and 
Steinberg 2005). However, cells within one compartment are not homogeneous. Cells at the 
compartment boundary seem to actively change their mechanical properties by increasing cortical 
actomyosin at the contact-free edge, leading to a “mechanical polarization” of the tissue (Amack and 
Manning 2012). Amack and Manning postulate that mechanical polarization even dominates tissue 
surface tension instead of the mechanical energy of adhesive bonds. This theory was strengthen by 
findings that actomyosin cables are critical for maintaining compartment boundaries during 
embryogenesis of Drosophila (Monier, Pélissier-Monier et al. 2011). 
It was found in both tumors and soft multicellular colloids used as model that cells at the periphery 
show an increased proliferation whereas in the center apoptosis is increased. This gradient of 
proliferation drives a cell flow (Delarue, Montel et al. 2013). Introducing an artificial boundary by 
applying an external mechanical stress to the surface, the growth rate in spheroids could be drastically 
reduced. This reduction in growth rate was caused by inhibited cell proliferation as a response to 
external stress (Montel, Delarue et al. 2011). 
Tissue surface tension and mechanical polarization might be an explanation, why early stage tumors 
predominantly develop within a compartment. Overcoming these boundaries would require drastic 
changes of adhesion bonds and cytoskeletal organization typical for aggressive metastatic competent 
cell subtypes in late stage tumors (Höckel, Horn et al. 2012). This would mean that cancer cells would 
have to change their biomechanical behavior already within the primary tumor to overcome the tumor 
boundary and invade the neighboring tissue.  
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3 Materials	and	Methods	
3.1 Sample	preparation	
3.1.1 	Cell	lines	
Preserving morphological, mechanical and epigenetic properties of cells when taken from in vivo to 
culture and investigate in vitro is one of the big challenges in life science. Cells adapt to cell culture 
condition with growth, morphology, gene expression and migration behavior (Schor, Schor et al. 1983 
; Boquest, Shahdadfar et al. 2005). Techniques to simulate physiological 3D environments such as 
droplet culture, multicellular spheroids and gel culture have been developed during the last decades. 
Still, cultured cells might not mirror all characteristics of in vivo cells. Carrying out experiments in vitro 
one has to keep these effects in mind. 
Cell lines are immortalized cells cultured for a long time - e.g. HeLa cells which were isolated in 1951 
and are still used for experiments. Besides all aforementioned limitations, cell lines still offer a good 
model to investigate cellular processes and drug reactions. They are easy to culture, remarkably 
uniform and help to reduce the number of living animals used for scientific investigations. In this work, 
cell lines were used to investigate influences of cytoskeletal drugs and the impact of heat shocks. This 
chapter provides an overview of the used cell lines. Detailed culture protocols can be found in Appendix 
A. 
NBE4-E6/E7 cells were originally derived from normal bronchial epithelium and transfected with 
human papilloma virus 16 to achieve immortalization (ATCC product information). These cells are non-
tumorgenic and were used as a benign control for H1437 cell line in drug experiments. H1437 were 
originally obtained from a metastatic site pleural infusion adenocarinoma of a 60 year old lung cancer 
patient and represent a metastatic competent counterpart to benign NBE4-E6/E7 cells. Another used 
cell line pair was NIH/3T3 and SV-T2. Both are fibroblasts obtained from mice embryo. SV-T2 cells are 
transfected with SV40 virus making them tumorigenic whereas NIH/3T3 represent a benign control. 
MCF-10 is a generally used non-tumorigenic mammary epithelial cell line and an ideal counterpart to 
MCF-7 cells originating from a breast adenocarcinoma. 
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3.1.2 	Primary	cells	from	breast	reduction	
Only recently some companies have been started to offer primary cells, i.e. non-immortalized cells 
directly from donors in low passages. The number of cells that can be obtained per load is limited, since 
these cells will become senescent after a finite number of passages (Hayflick 1965). Thus, each load of 
cells is influenced by individual specifics of the donor such as age, nutrition, medication, etc., which 
can alter diverse characteristics of cells, especially the biomechanical behavior we are interested in 
(Schulze, Wetzel et al. 2010). This has to be taken into account when working with primary cells in 
general and comparing the results to those obtained in other labs using presumably “identical” cells. 
In this study human mammary epithelial primary cells (HMEpC) obtained from Promocell, Heidelberg 
at the end of passage two were used as a control for cells isolated from tumor samples of breast cancer 
patients. The cells were derived from a 23 year old donor and have been tested for morphology, 
adherence rate and viability as well as for keratin expression prior to shipping. 
	
3.1.3 Solid	tissue	samples	
A main technical part of this work was to develop and optimize cell culture protocols for isolating cells 
from solid tissue samples of different organs. Available protocols such as Speirs et al. (Speirs, Green et 
al. 1998) only yielded insufficient results with a high loss of cells. Improved protocols and the use of 
modern cell culture instruments such as the GentleMACS dissociator significantly increased the 
number of living cells obtained by tissue dissociation (see Fig. 3.1).  
 
Fig. 3.1 Success of different cell culture protocols. Samples treated according to the protocol of Speirs et al. 
(Speirs, Green et al. 1998) lead to successful cell culture only in 25 % of the cases. The use of the GentleMACS 
dissociator (Miltenyi) increased the successful culture to more than 53 %. Further modification of the protocol, 
especially in used media, improved the yield to 75 %. 
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3.1.3.1 	Tissue	dissociation	
When using samples to test a new diagnostic tool, it has to be ensured that standard diagnostic 
procedures are not affected. For this work, tissue samples of breast cancer patients were obtained 
from the pathology Hamburg-West. Only remaining tissue from breast cancer biopsies not relevant for 
diagnostics was put into phosphate buffered saline (PBS), cooled down to 5 to 8° C and sent to Leipzig 
where it arrived  ̴24 h after resection. Sample sizes varied between 0.1 g and 2.8 g, whereas the 
minimum samples size was found to be 0.2 g for sufficient cell yield (about 5·105 to 106 cells are needed 
per stretcher measurement). About 24 hours after patient surgery, the sample arrived in Leipzig (Fig. 
3.2A) and the dissociation protocol was started. The first samples were treated according to a protocol 
proposed by Speirs et al. (Speirs, Green et al. 1998), but with low success rate of about 25 %. The 
protocol was then optimized, especially by using other enzymes and growth medium and implementing 
the GentleMACS dissociator (Miltenyi) into the digestion process leading to successful culture of 75 % 
of the samples (see Fig. 3.1 and Table 3.1). Especially the dramatically shortened digestion time 
resulted in a higher number of viable cells.  
	 Speirs	(Speirs,	Green	et	al.	1998)	 modified	protocol	
enzymes	 1 mg/ml collagenase III 
 
1.6 mg/ml collagenase P (Roche, 
enzyme mixture with high 
collagenase activity), 20 µg/ml 
DNAse  
digestion	time	 18 to 20 h 60 to 90 min with intervals of 
mixing 
centrifugation	 step 1: 1 min at 40 g 
step 2: 2 min at 100 g 
step 3: 4 min at 200 g 
step 1: 1 min at 40 g 
step 2: 10 min at 300 g 
adhesion	medium	 75 % growth medium + 25 % (DMEM + 
FBS) 
DMEM/Ham’s F12 + 10 % FBS + 
pen/strep 
growth	medium	 DMEM supplemented with pen/strep, 
glutamine, hepes, bovine serum 
albumin, cholera toxin, hydrocorticone, 
insulin, epidermal growth factor 
HuMEC ready medium, serum-
free (Gibco) 
Table 3.1: Comparison of the tissue dissociation protocols.  Using an enzyme with higher collagenase activity 
and implementing mixing steps drastically shortened the required digestion time and therefore increased the 
yield of viable cells. HuMEC ready medium was found to promote proliferation of epithelia cells better than 
the complex growth medium proposed by Speirs.  
According to the modified protocol, samples were dissected into pieces of about 1-2 mm thickness (Fig. 
3.2B). The pieces were then inserted into special tubes (Miltenyi C tubes) fitting the dissociator and 
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appropriate enzymes and medium was added (see appendix A.8 for details). With iterating intervals of 
mixing and incubating, the extracellular matrix of the tissue was digested. After several washing and 
two centrifugation steps (first at 40 g to collect cell clusters, then at 300 g to obtain all cells from the 
solution), single cells and cell clusters were seeded on culture dishes (Fig. 3.2C). After 24 hours, 
adhesion medium was exchanged to a serum-free growth medium to suppress the growth of stroma 
cells. Fig. 3.2D shows the proliferated tumor cells three days after seeding. 
Culture	contamination	
The solid tumor in the body of a patient is surrounded by connective tissue hosting so-called stroma 
cells. These are mainly fibroblasts, but also immune and inflammatory cells. Dissected tumor samples 
might contain stroma cells which can contaminate tumor cell culture. The use of selective media 
suppresses the proliferation of unwanted cells to a certain extent. Differential centrifugation separates 
epithelial cells from stroma cells (Speirs, Green et al. 1998), but a significant amount of wanted tumor 
cells is lost in the last centrifugation step. Other methods require fluorescent or magnetic bead coupled 
antibodies. Stromal fibroblasts detach more easily when treated with trypsin. By shortly trypsinizing 
adhered cells, contaminating fibroblasts can be removed from the culture. Fibroblasts can be easily 
detected by phase contrast microscopy, since their spindle-like morphology clearly differs from the 
brick-like shape of epithelial cells (Fig. 3.3A). Each sample was therefore microscopy-checked before 
measurement and only used if more than 90 % of the cells showed epithelial morphology. It has been 
reported that metastasizing cells acquire a spindle-like morphology (Jung, Hwang et al. 2007). It might 
be possible that some of the observed spindle-like cells were transformed cancer cells. 
Some tumor samples contained blood debris. A high amount of red blood cells sediment to the bottom 
of the culture dish and prevent the adhesion of tumor cells when seeded (Fig. 3.3B). A lysis buffer 
applied to the cell solution before seeding easily removes red blood cells. 
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Fig. 3.2 Tissue dissociation of a human breast cancer sample. A: Two sample pieces as obtained from the 
pathology. B: Sample sliced in pieces of about 1 mm thickness (scale bars in A and B are approximations). C: 
Cells directly after dissociation seeded in petri dish. Single cells and small cell clusters sediment to the bottom 
of the culture dish. D: Cells three days after cultivation. 
 
 
Fig. 3.3 Contaminated culture. A: Epithelial cells (circle) surrounded by spindle-like shaped fibroblasts. B: Red 
blood cells crowding the bottom of a culture dish. 
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3.1.3.2 	Enzyme-free	collection	of	cells	from	tissue	
A method to obtain single cells directly from tissue is the fine needle aspiration (FNA) biopsy. In contrast 
to core biopsy, where a small cylinder of tissue is obtained, the use of a smaller needle and application 
of negative pressure collect mainly loosely attached cells from the tumor (see Fig. 3.4). This method 
was used at the Albert Einstein College of Medicine in Bronx/New York in cooperation with John 
Condeelis to obtain samples from breast cancer and fibroadenomas (a benign lesion of breast tissue, 
here sheets of epithelial cells were obtained with FNA). Due to the very small sample size ( ̴1000 cells) 
obtained with this method, an extensive pre-culturing is required to gain an adequate number of cells 
for measurement. Since cells change their biomechanical properties when kept in culture for longer 
times (see chapter 4.2.1), this method proved unsuitable for OS measurements with the current setup. 
Only samples from fibroadenoma yielded an adequate number of cells after short-time culture (one to 
three days) and were used as a benign control to cancer cells obtained from resected tissue and 
subsequently digested tissue as described above. 
Nevertheless, this method offers a chance to preselect mainly aggressive cells from the tumor sample, 
since these cells show a lower cell-cell contact and are therefore more likely to be collected than cells 
closely attached to the tumor (Symmans, Ayers et al. 2003; Roussos, Goswami et al. 2011). A further 
modification of the Optical Stretcher with shorter tubing system might be able to measure samples of 
small volume and cell number. 
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Fig. 3.4 Fine Needle Aspiration (FNA) biopsy. A negative pressure applied to the inserted needle enables the 
collection of mainly discohesive cells from the tumor sample. Redirecting the needle within the target gives a 
higher yield of cells (picture taken and adapted from Pathology Laboratories of Arkansas, P.A.).  
In Figure Fig. 3.5 measurements of cells directly after being collected by FNA are presented and 
compared to cells measured after short-time culture. Directly obtained cells are significantly smaller 
than pre-cultured cells (Fig. 3.5E) which requires higher resolution of microscopic observation during 
stretcher measurement to enable accurate image analysis of cell deformation. For the experiments 
presented here, a 63x air phase contrast objective was used. The data of single deformation curves of 
directly measured cells contain larger signal-to-noise ratio due to edge detection at the resolution limit 
of the setup and additionally impeded by the smaller deformations of these cells (Fig. 3.5A-C). The 
beam width of the stretching laser is about 12 µm at the center of the trap. Cells with lower diameter 
than beam width are not exposed to the full laser, which leads to smaller acting forces on these cells. 
Since 75 % of directly measured cells had a diameter lower than 12 µm and 25 % lower than 10 µm, 
this might be an explanation for the found lower deformation compared to larger, pre-cultured cells. 
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Fig. 3.5: Cells from FNA biopsy of human fibroadenoma measured directly (violet) and after short-time culture 
(light blue shades). A-C: Single deformation curves of measured cells (A+B: after 72 h of culture, 80 and 76 cells 
measured respectively; C: direct measurement, 62 cells). Deformation curves of directly measured cells are 
noisier due to very small cell size, which makes accurate edge detection more difficult. Single cells showed very 
strong contraction against applied stress. D: Mean deformation curves and standard error. For FA1 and FA2 
measured after short-time culture, curves are nearly identical. Direct measured cells are significantly stiffer 
and deformed only half as much under same applied stress. E: Short-time cultured cells had on average a two 
times larger cell diameter (cells in suspension measured at trapping power) than non-cultured cells. 
Brush biopsies, another alternative to enzymatic tissue digestion, represent a minimal invasive 
diagnostic method to obtain samples of a malignant lesion. The early detection of cancerous alterations 
could help to improve the prognosis for oral squamous cell carcinoma (OSCC) patients (Remmerbach, 
Wottawah et al. 2009). 
Brush biopsies were taken from healthy donors and oral cancer patients (Fig. 3.6B). Brushes with tissue 
debris were then rinsed in a falcon tube containing PBS (Fig. 3.6C). After centrifugation of the tube, 
trypsin was applied to dissolve small cell clusters. OSCC originates from malignant transformation of 
basal cells of the mucosa (Fig. 3.6A). The basal layer is adjoined by fully differentiated, stratified 
squamous cells. Cells from the superficial layer do not round up in suspension, but maintain their 
squamous shape. All brush biopsies from mucosa will contain some of these cells. Since their surface 
is much larger than the surface of rounded up basal cells, they can be easily removed by using a cell 
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strainer with appropriate mesh size (40 µm). Samples from late stage carcinoma with vascularisation 
might contain red blood cells, which can be dissolved by lysis buffer. The purified sample can be 
measured directly. First attempts proved to be successful, but the yield of tumor cells was too small for 
statistically significant measurements. Further modifications of the stretcher setup might enable the 
measurement of small samples with less than 1000 cells. 
 
Fig. 3.6 Brush biopsy of oral mucosa. A: Scheme of squamous epithelium and malignant transformation of basal 
cells. Brush biopsies break down the lining layer of stratified cells to obtain tumor cells (figure taken and 
adapted from Oxford University Press, ISSN: 1460-2180). B: A cervical brush was used to obtain samples of 
squamous cells from normal and benign mucosa of patients. C: After brushing, sample was dissolved in PBS. 
D: Suspended cells from brush biopsy. 
 
3.1.4 Drug	treatment	
Former studies showed that cancer cells comprise less F-actin than benign counterparts (Rao, 
Hemstreet et al. 1991; Wottawah, Schinkinger et al. 2005). To study the effect of reduced cortical F-
actin on cell mechanics, we used cytoskeletal drugs to manipulate the actin network. Latrunculin and 
jasplakinolide were applied to alveolar type II primary cells from rat. These lung epithelia cells are 
exposed to constant mechanical stress in vivo due to expansion and compression of the lung during 
breathing. These cells therefore respond especially sensitive to cytoskeletal changes with altered 
biomechanical behavior, making them an ideal model to study the influence of cytoskeletal drugs. 
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Latrunculin hinders actin polymerization by sequestration of monomeric actin (Yarmola, 
Somasundaram et al. 2000). At the applied concentration of 1 µM (added 1 h prior to measurements), 
almost all long actin filaments are disrupted and cellular stiffness decreases to one third of control level 
in measurements done on tissue models (Wakatsuki, Schwab et al. 2001 ). The decrease in stiffness 
and consequent increase in deformability could be reproduced with stretcher measurements 
accompanied by a more viscous behavior (see chapter 4.4).  
Jasplakinolide promotes polymerization and F-actin nucleation (Bubb, Spector et al.). It therefore 
stabilizes the actin-network. Microrheologic measurements of cells treated with jasplakinolide showed 
enhanced elasticity which could be reproduced with decreased deformability in Optical Stretcher 
measurements. Here, type II alveolar primary cells from rat were treated with 0.1 µM jasplakinolide 
1 h prior to measurement (see chapter 4.4). 
From the company Beiersdorf AG we obtained a drug called BDFws1. Fluorescence experiments with 
tissue models based on collagen gels showed an F-actin stabilizing effect when cells pretreated with 
BDFws1 were exposed to UV-light (which usually leads to deploymerization of actin filaments (Levee, 
Dabrowska et al. 1996)). The molecular mechanism still remains unclear. Cells from the tumorigenic 
mouse fibroblast cell line SV-T2 were incubated overnight with 1 % BDFws1. Optical Stretcher and AFM 
measurements showed cell stiffening which was accompanied by decreased proliferation (see chapter 
4.4).  
 
3.1.5 	Fluorescent	staining	
Fluorescent imaging allowed qualitative evaluation of cytoskeletal alterations in tumor cells. In this 
work fluorescent dyes were used to label F-actin, vimentin, keratins, and vinculin (for detailed staining 
protocols see appendix A.8). Anti-vimentin and anti-keratin were unloaded antibodies, a secondary 
conjugated antibody was required to load antibodies with fluophores (see Fig. 3.7). F-actin was labeled 
with phalloidin and for focal adhesion labeling fluophore-loaded anti-vinculin was used. 
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Fig. 3.7: Immunostaining with unlabeled antibody. A secondary conjugated antibody is required to allow 
binding of desired fluophore. 
3.2 The	Optical	Stretcher	
A two-beam laser trap using divergent laser light was first proposed by Ashkin in 1970 (Ashkin 1970). 
Guck and Käs realized that a two-beam laser trap could not only trap cells but also deform them probing 
their biomechanical properties. In 2000 they presented their two-beam laser trap named the Optical 
Stretcher (Guck, Ananthakrishnan et al. 2000). Since then the technique has been further developed 
to a fully automated measurement device. The Automated Microfluidic Optical Stretcher (AMOS) 
enables contact-free, whole-cell elasticity measurements. Suspended single cells delivered by a 
microfluidic system are trapped, stretched and images are recorded with a CCD camera. Live cell 
detection and computer controlled microfluidics orchestrated by a custom made control program 
allows automated single cell elasticity measurements at high rates of about 200 cells per hour and 
without the bias of pre-selection of cells, that can occur in manually controlled measurements.  
 
3.2.1 	Experimental	Setup	
The setup basically consists of a 10 W single mode Yttrium fiber laser (YLD-10-1064, IPG Photonics 
Germany) operating at a wavelength of λ=1064 nm, a phase contrast microscope (DM IRB, Leica, 
Germany), a flow chamber (Lincoln 2006) connected to a microfluidic pumping system and enabling to 
trap and stretch cells from mircofluidic delivery, a digital CCD camera (A202k, Basler Vision 
Components, Germany) mounted on the microscope and a computer based control unit (see Fig. 3.8). 
To ensure constant environmental conditions over a measuring period of several hours, the microscope 
stage is temperature controlled by the implementation of a water cycle, controlled by a thermostat 
(F10-MH, Julabo Labortechnik). Cells are delivered serially into the trap through a microfluidic flow 
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channel (Lincoln, Erickson et al. 2004; Lincoln, Schinkinger et al. 2005; Lincoln, Schinkinger et al. 2007). 
Fibers and flow channel (square glass capillary tube, Vitrocom, USA) are assembled on a glass slide 
covered with a SU-8 photoresist substrate (MicroChem, USA) to enable precise alignment. Index 
matching gel (Thorlabs, Germany) is placed between fibers ends and capillary walls (see Fig. 3.8B+D). 
The flow is controlled by a custom made pumping system based on Fluidgen microfluidic pumping 
technique, to which two reservoirs are coupled. The two reservoirs filled with medium and cell 
suspension respectively are connected to each end of the glass capillary by polymer tubings (PEEK 
tubings, Postnova, Germany) and suitable connectors (Postnova, Germany).  
 
Fig. 3.8: Measurement setup of the Optical Stretcher. A: Experimental setup. B: Microfluidic chamber mounted 
on the microscope stage. D: Scheme of the setup components. Camera, laser, microfluidic pump and stage 
temperature control are connected with the computer. All components are orchestrated via the LabVIEW based 
stretching program developed by Roland Stange, which enables fully automated measurements. D: 
Microfluidic chamber as seen through the microscope. 
The flow chamber is mounted on the microscope. In order to record the fiber distance a 10x phase 1 
air objective (Leica, Germany) was used, observation of stretching was done with a 63x phase 2 air 
objective. Images were taken with the CCD camera with a frame grabber (IMAQ PCI-1428, National 
Instruments, Germany) using a frame rate of 30.11 frames per second. The computer controls and 
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synchronizes the laser, pumping system, camera and temperature control of the microscope stage (Fig. 
3.8C). A custom made LabVIEW (National Instruments, Austin, TX) based program developed by Roland 
Stange detects cells in the observation area of the flow channel, coordinates flow and laser power 
application, image compilation and data reporting. 
 
3.2.2 	Data	analysis	
Subsequent to the measurement, recorded phase contrast image stack of each cell stretching was 
digitally processed to extract quantitative values like cell size, elongation along the laser axis over time, 
rotations during stretching phase and roundness of the cell. An edge detection algorithm as proposed 
by Lincols et al. (Lincoln, Schinkinger et al. 2007) was implemented into a MATLAB (Mathworks, USA) 
based program developed by Tobias Kießling, detecting the outer edge of a cell in every image. Edge 
detection data were subsequently processed using a shape-tracking algorithm to extract and 
compensate small rotations in the observation plane. From the rotation corrected data the elongation 
along the laser axis at each measured instant of time was extracted and by normalization to the cell 
diameter at the non-elongating trapping phase the relative deformation was obtained. This parameter 
is independent of the cell radius and conclusions on the biomechanical behavior can directly be drawn 
in step stress experiments. Where measurements were done using different flow chambers, data were 
normalized to peak stress (and this way obtaining the compliance) to account for the varying 
geometries of the used flow chambers. 
 
3.2.3 Reproducibility	of	Optical	Stretcher	measurements	
Cells are an active, living material which adapts to environmental changes. Measurements of cell 
populations give a distribution of the measured parameter, the variance of which depends on the 
heterogeneity of the cell population, accuracy of the measuring device and sample size. To achieve 
samples as homogeneous as possible, primary cells were cultured and, after reaching 80 % confluency, 
split into three identical probes and frozen.  To determine the smallest variance of measurement 
parameters possible, a single probe was then thawed, cultured for 3 days and measured in the Optical 
Stretcher.  Fig. 3.9 displays the results of three independent measurements. The progression of the 
mean deformation curve of all three samples is similar, with sample feb08 and feb25 showing a slightly 
higher deformation at the end of stretch. Looking at the point of highest differences at the end of 
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stretching phase, the mean value differs for less than 8 %. The variance of sample feb08 is doubled due 
to the lower sample size (see Table 3.2).  
In chapter 4.2 several factors influencing the biomechanical behavior of cells are identified. Whereas 
some of them can be reduced by standardized protocols and the careful choice of control systems, the 
heterogeneity of primary cells will always lead to a distribution of measured data (Maloney and Van 
Vliet 2011). Thus, sample sizes in the range of hundreds of cells are necessary to obtain statistically 
relevant results on primary cells. 
 
Fig. 3.9 Similar set of primary cells measured three times. A: Mean value of normalized elongation along the 
laser axis over time (sample size: feb08=123, feb22=309, feb25=392 cells). All three curves show similar values 
and progression, the standard errors overlap (not shown). B: Distribution of parameters at end of stretching 
phase. The fitted Gaussian distributions show similar mean values and variances (see Table 3.2) indicating the 
good reproducibility of stretcher measurements with statistically relevant sample size. 
 
	 mean	 variance	(*10-4)	 sample	size	
feb08	 0.052 3.35 123 
feb22	 0.049 1.44 309 
feb25	 0.053 1.63 392 
Table 3.2: Statistic quantities of the measurements presented in Fig. 3.9. The higher variance of feb08 is caused 
by the lower sample size. 
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3.2.4 	Laser	induced	heating	in	optical	traps	
Non-contact cell trapping and micromanipulation techniques using electrical, optical or magnetic fields 
to induce forces on cells have been increasingly used in biophysics during the last two decades (Huang 
Y, Wang X-B  et al. 1993; Guck, Ananthakrishnan et al. 2001; Molloy and Padgett 2002; Winkleman, 
Gudiksen et al. 2004). Many of these techniques cause a temperature increase on the cells as a side 
effect (Peterman, Gittes et al. 2003; Ebert, Travis et al. 2007; Jaeger, Mueller et al. 2007). Optical 
Tweezers show a relatively low temperature increase of about 1.4 – 1.7 K/100 mW (when using usual 
1064 nm laser) due to the low applied laser power (Liu, Cheng et al. 1995; Kuo 1998). Dielectrophoresis 
techniques cause temperature increases up to 25 K depending on the applied voltage and the 
conductivity of the medium. In the AMOS the laminar flow is stopped for the measuring sequence of a 
cell where the laser power is increased from 100 mW in trapping mode to stretching power of 0.5 - 1.7 
W. This results in a temperature increase of (23 ± 2) K/ per W applied laser power during stretching 
phase (Wetzel, Rönicke et al. 2011). The temperature drop after the stretch occurs in large part within 
tens of milliseconds followed by a slower decay reaching the starting temperature after approximately 
1 s. After stretching the flow is established again and takes the cell away from the heated region. Fig. 
3.10 shows the impact of heat shocks on cell viability. Here, cell spreading within a certain time frame 
was used as a marker for viability. For most experiments the applied laser power was 0.8 W for a 2 s 
stretching phase, which means that cells experienced a temperature increase of (18.4 ± 2) K. Since 
experiments were carried out at room temperature (stabilized to 23° C by temperature control of the 
microscope stage), the maximum temperature cells experienced was about 42° C for 2 s. According to 
heat shock experiments, more than 80 % of the cells withstand these conditions without the loose of 
vital functions required for cell spreading. 
The optical forces applied on a cell in the AMOS depend on the used laser power and the geometry of 
the trap, namely the distance between the two opposing fibers. For small deformation and assuming 
linear viscoelastic behavior, the creep compliance is given by the relative deformation divided by the 
optically induced stress σ0 (see chapter 2.2.3), which this way normalizes the data to laser power and 
fiberdistance. Therefore the creep compliance is often used to present and compare AMOS data, which 
might have been taken at different laser powers. This normalization does not take into account 
temperature differences due to different applied laser powers. Besides effects of volume expansion, 
the cell’s viscoelastic properties change with temperature (Kießling, Stange et al. 2013). In this 
dissertation only measurements done at the same laser power are compared. The relative deformation 
is displayed for most experiments giving a direct measure to what extent the cells elongated. In single 
experiments where the creep compliance is given, this normalization was done to account for different 
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flow chambers used which had a varying fiber distance. All measured cells within an experiment 
therefore experienced the same temperature increase in temperature and observed changes in 
biomechanical behavior are not biased by temperature differences. 
 
Fig. 3.10 Impact of heat shocks on cell viability. A) Viability plotted against maximum temperature cells were 
exposed. Heat shocks were applied for 0.5 s. For each data point 15 cells were measured. For heat shocks of 
(58±2)° C more than 60 % of the cells stayed viable. The upper x-axis shows the applied laser power. B) Impact 
of heat shocks on cell viability. Cells experienced (48±2)° C during heat shock of varying duration. After 5 s of 
heat shock 60 % of the cells showed spreading. 
	
Alternative	laser	source	
The major part of heating in an optical trap using IR laser light is attributed to water absorption. The 
use of 800 nm near-infrared (NIR) laser would reduce heating by a factor of 10 (Ebert, Travis et al. 2007). 
High power single mode fiber laser with required laser powers of 2 W minimum are expensive. The use 
of cheaper multimode laser might solve the problem of heating. Multimode laser have two or more 
transverse modes and therefore exhibiting a broader beam profile with several intensity maxima 
perpendicular to the axis of propagation. The AMOS requires a clear Gaussian beam profile with a beam 
width of no more than 20 µm for stable and well defined trapping and stretching. Therefore the zero 
order transverse mode (TEM 00) has to be filtered from a multimode beam securing a Gaussian profile. 
One way to achieve this filtering is the use of special fibers. Here a 808 nm multimode laser (Jenoptik 
unique-mode, Germany) with a maximum output of 4.5 W on a multimode fiber with a core diameter 
of 50 µm was used as a laser source and coupled to tapered and photonic-crystal fibers (PCF). 
55 
 
Multimode fibers with a diameter of 125 µm (including cladding) and a core diameter of 50 µm were 
tapered to approximately 50 µm/ 20µm core with a transition zone of 3-5 mm (Fig. 3.11E). High losses 
of laser beam intensity in the transition zone and difficult implementation of the cone-shaped fiber tips 
into the flow chamber are main disadvantages of this method.  
PCF’s are optical fibers with a built-in microstructure of closely spaced air holes persisting through the 
whole length of the fiber affecting the motion of photons. These waveguide properties can be used for 
beam modification and selection of a specific mode of a multimode beam (Wong, Peng et al. 2005). 
First experiments using PCF with a core diameter of 20 µm were promising. The TEM 00 mode could 
be isolated and higher modes were suppressed. By reducing energy losses by coupling of multimode 
fiber to PCF this method could be used to implement multimode laser into the AMOS and reducing 
heating effects. 
 
Fig. 3.11: Methods for selection of TEM 00 mode. A: Cross section of a photonic-crystal fiber (PCF) with 
waveguide properties. Arrangement of closely spaced air holes which persists through the whole fiber create 
differences in refractive index. B: Scheme of a PCF (picture taken from RP Photonics). C: Implemented PCF in 
flow chamber with visible beam (due to the use of milky solution). D: Beam profile (red) of a multimode laser 
ray after coupling into a PCF with 20 µm core diameter and fitted Gaussian (black). The prominent TEM 00 
mode accounts for the major part of transmitted light, but higher modes are still visible. E: Image of a 
multimode fiber tapered to 20 µm diameter (picture by IPHT Jena). 
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3.3 Rheometer	measurements	of	
collagen	gels	
Two-dimensional cell culture models have great limitations in mimicking in vivo environments. Cells 
adapt to the substrate they are cultured on by alteration of their cytoskeleton (Yeung, Georges et al. 
2005). A 3D collagen matrix resembles in vivo conditions quite well. Since cells respond to matrix 
stiffness (Buxboim, Ivanovska et al. 2010) changes in collagen stiffness will have a significant effect on 
cell behavior. It is therefore interesting what factors despite obvious ones like collagen concentration 
alter matrix stiffness. Former studies showed that the pH in tumor tissue is reduced compared to 
normal tissue (Gerweck and Seetharaman 1996 ). We investigated if varying the pH of a collagen gel 
effects its stiffness. Collagen gels with a concentration of c=3.3 mg/ml (collagen type I, Sigma #C7661) 
were directly cast on the rheometer (Ares, TA Instruments) plate to ensure maximum contact and 
polymerisation was allowed for 1 h at 37° C. The pH was adjusted to 5-9 by adding appropriate amounts 
of NaOH (see A.5 for details). By applying an oscillatory shear strain of 2 % maximum amplitude at 
10 Hz to the samples ranging from 2.5 to 2.7 mm in thickness, storage and loss modulus of the collagen 
gels were determined in single point measurements. 
In the linear viscoelastic regime, the storage modulus G’ is independent of strain (see Fig. 5.3A, solid 
symbols). At higher deformations (>4 %), shear modulus values decline, indicating measurement-
generated irreversible plastic damage of the collagen gel. The loss modulus G’’ reflects the viscous 
material properties associated with the energy loss in the sample. The complex shear modulus is 
defined by 1∗  1: + 1:: 	 ;∗<∗, whereas τ is the shear stress and γ the shear strain with which the 
sample responds. The applied shear stress depends on the deformation amplitude, the geometry of 
the rheometer plates between which the sample is sandwiched, the sample thickness and the 
compliance of the transducer (Mezger and Zorll 2000). Samples of collagen gel of 2.5-2.7 mm thickness 
were placed between two parallel plates with a diameter of 25 mm. To obtain most accurate results, 
first measurements were done by varying strain and frequency to find maximum values, where the gel 
is still stable (Fig. 5.3A+B). The obtained parameters were then used for single-point measurements 
and elasticity was determined.  
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4 Experimental	Results	
The following chapter presents results on the biomechanical characterisation of cancer cells from tissue 
samples. The Optical Stretcher, a two-beam laser trap, enabled the contact-free deformation of living 
single suspended cells at well defined forces and the observation of deformation as well as subsequent 
relaxation behavior (see chapter 3.2 for details). Using large sample sizes of on average about 400 cells 
per sample, a comprehensive picture of the heterogeneous cell population within a tumor at different 
stages of malignancy will be given. In addition, experiments on artificially altered cell cytoskeleton by 
the use of cytoskeletal drug will be presented and compared to the results of malignant transformed 
cancer cells.   
4.1 Parameter	space	of	Optical	Stretcher	
measurements	
In the used setup of the Optical Stretcher, a 1064 nm infrared laser is employed to form a stable trap. 
Laser powers of up to 2.5 W per fiber can be applied. To obtain data with optimal signal-to-noise ratio, 
high laser powers causing high deformation of the measured cell are desirable. On the other hand, 
heating effects of the laser should be kept at a minimum to avoid bias caused by cell protein 
denaturation. As viability assays showed, cells survive short-time heat shocks up to 58° C (Wetzel, 
Rönicke et al. 2011), which corresponds to stretching at room temperature with 1.5 W/fiber laser 
power (23 K/W heating in the center of a two-beam trap due to absorption of water at 1064 nm, see 
also chapter 3.2.4). As a physiological limit, the integrity of the cytoskeleton has to be conserved. It was 
shown that actin cross-linker brake at strains of 6-10 % causing an abrupt loss of mechanical resistance 
of the actin network (Janmey, Hvidt et al. 1990). To find a suitable set of parameter, scatter experiments 
were carried out varying the laser power from 400 to 1700 mW causing deformations up to 10 % along 
the laser axis (Fig. 4.1A). At powers of 1.0 to 1.2 W a small plateau was observed (Fig. 4.1C), which 
might be caused by strain hardening effects (i.e. the increase of the elasticity of a network with 
deformation (Xu, Tseng et al. 2000)), followed by a rapid increase in deformation (Fig. 4.1B+C) probably 
attributed to cross-linker rupture. The relaxation behavior, i.e. the percentage to which the cell acquires 
it original shape 2 s after end of stretching, was about constant at 0.8 to 1.1 W and dropped at higher 
laser power. To avoid strain hardening and damage on the cytoskeleton a laser power of 800 mW was 
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chosen for experiments, which corresponds to a tensile stress of about 20 Pa for an end-to-end fiber 
distance of 100 µm. Starting at room temperature, the measured cells experienced a maximum 
temperature of about 42° C during stretch for 2 s, which should cause no temperature induced damage 
on cell proteins (Huang, Yang et al. 1999).  
 
Fig. 4.1: Mechanical behavior of cells at varying applied laser power. A: Maximum relative deformation at the 
end of stretching phase over laser power. The distribution broadens at higher laser power (measurements of 
two primary samples shown: HMEpC, light blue, and G3 tumor sample, dark blue). B: Deformation curves 
binned by laser power (step size: 300 mW, curves represent median values. C: Maximum relative deformation 
(median values) binned by laser power. At P=1.3 W there is an abrupt increase in deformation (red circles), 
which also results in a drop of relaxation (red circles in B-D). This might account for crosslinker rupture at higher 
deformations. D: Relative relaxation, i.e. to which extent the cell acquired its original shape 2 s after stretching. 
A full recovery to ground state would give a relative relaxation =1. With higher deformations caused by 
increasing laser power, cells relax back less to ground state. 
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4.2 How	well	defined	are	primary	
tissues?	
Mechanical measurements on biological samples can exhibit huge variations. On the one hand, these 
variations can stem from differences between individuals or even within the body between different 
cell types. On the other hand, alterations in cell behavior can be induced by sample preparation and 
culturing protocols. Identifying and avoiding impact factors is a prerequisite to obtain meaningful data 
from which assured conclusions can be drawn. In this work, primary cells from tumor tissue were used 
to study alterations of cell biomechanics during malignant transformation. Interfering factors such as 
culture conditions and individual characteristics of the donors (e.g. age and prior drug treatment) were 
identified. Though primary cells can exhibit larger variations in cell behavior than clonal cell lines, the 
investigation of primary cells gives a better understanding of in vivo processes. 
 
4.2.1 	Cells	adapt	mechanical	properties	to	culture	conditions	
Cell lines are immortalized cells, which have evaded normal cellular senescence due to mutation and 
instead can keep on undergoing division. These mutations can be spontaneous or induced by viral 
transfection and selective cell culture. In theory, cell lines can be kept in culture for an infinite time and, 
due to unlimited proliferation, can produce an unlimited number of clones. This makes them an ideal 
model to study biological processes on cellular level. Recent studies show that cells from cell lines differ 
in behavior, function and protein expression from their primary counterparts (Lidington, Moyes et al. 
1999; Pan, Kumar et al. 2009), limiting the extension of findings on cell lines to the situation in vivo. 
Measurements using the Optical Stretcher show differences in biomechanical behavior. Here, cell lines 
deform significantly more easily under same applied stress than primary cells originating from the same 
tissue (see Fig. 4.2). These changes might be induced by substrate effects, since cells, when isolated 
from tissue and cultured on 2D rigid surfaces, alter their biomechanical behaviour with time in culture.  
Cells sense and adapt to the substrate they are cultured on (Buxboim, Ivanovska et al. 2010). In tissue, 
adherent cells grow in a 3D matrix of extracellular fibers and neighboring cells. The stiffness of the 
substrate and the presence or absence of cell-cell contacts have severe impact on the actin 
cytoskeleton, in particular on stress fiber formation (Yeung, Georges et al. 2005). The same study 
60 
 
showed that in endothelial cells, the projected cell area increases with substrate stiffness. Raab et al. 
demonstrated that mesenchymal stem cells migrate from soft toward stiff matrix with increased 
polarization of the cytoskeleton and the formation of a dominant leading edge (Raab, Swift et al. 2012). 
Our measurements show that cytoskeletal alterations from substrate adaption also effect the cell’s 
biomechanical behavior and cell volume.  
 
 
Fig. 4.2: Compliance after 2 s of stretch of primary cells (light blue) compared to their cell line counterparts 
(dark blue). Benign (fibroadenoma, FA) and malignant cells (breast tumor) from breast tissue deform only 
about half as much than benign (MCF-10) and malignant (MCF-7) breast epithelia cell lines under same applied 
stress. Cells from lung cancer cell line (H1437, NBE4 is a benign lung epithelia cell line) deform more than twice 
as much than primary lung cancer cells. MCF-10 and MCF-7 data taken by Roland Stange. 
Primary cancer cells isolated from breast tumor tissue were plated on uncoated polystyrene petri 
dishes, which are orders of magnitude stiffer (E   ̴3.6 GPa (Tang, Kuhlenschmidt et al. 2010)) than breast 
tumor tissue (E   ̴4 kPa (Levental, Georges et al. 2007)). Cells were passaged every 7 to 10 days. A drastic 
increase in deformation under applied stress can be observed with increasing passage number and 
therefore increasing time in culture (see Fig. 4.3). Single tumor cells exceed their maximum 
deformation before the end of stretch, i.e. these cells contract against applied stress (for more details 
see chapter 4.3.3) and even achieve a shorter elongation along the laser axis compared to their ground 
state (see Fig. 4.3A, whisker displaying the 1 % range and outliers are found below zero elongation for 
P1). Consequently, the mean deformation curve displays an irregular maximum as can be seen for the 
breast tumor sample at passage number P1 in Fig. 4.3C. This contracting behavior seems to get lost 
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with longer time in culture. No contracting cells are observed at higher passage number of the same 
tumor sample, the mean deformation curve follows a purely passive viscoelastic course. 
 
Fig. 4.3 Effect of cell culture duration on biomechanical behavior. The maximum deformation of cells under 
applied stress increases drastically with passage number as shown for a breast tumor sample (A) and cells from 
breast reduction (B). Box plots display mean (square), 75 %, 50 % and 25 % intervals. Outliers are marked as 
diamonds. Whiskers show 99 % to 1 % range. C+D: Mean deformation curve during step stress experiment. A 
fraction of tumor cells in passage P1 show contracting behavior as can be seen by the irregular shape of the 
mean deformation curve. This feature is lost after long-time culture. Error bars display standard error (sample 
size breast tumor: P1=164, P2=496, P3=824; HMEpC: P2=352, P10=702 cells). 
Former studies showed that cells cultured on rigid 2D substrates exhibit a striking difference in 
morphology, cytoskeletal organization (notably in formation of stress fibers) and spreading behavior 
(Ahmed, Ponery et al. 2007) compared to 3D cultures. In adherent cells, the cell surface increases when 
cultures on polystyrene petri dish compared to culturing on soft substrates (Levental, Georges et al. 
2007). Isolated cancer cells from breast tumor tissue were measured in suspension. Our results indicate 
that cells not only exhibit an enlarged surface, but also increase their volume with time in culture (see 
Fig. 4.4). Cells in suspension assume a spherical shape. Between passage number P2 (i.e. 17 days in 
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culture) and passage number P5 (i.e. 43 days in culture) the cell’s diameter increases 1.7-fold which 
corresponds to a 5-fold volume gain (see Fig. 4.4B). 
 
Fig. 4.4: Increase of cell size with time in culture. Two examples of primary breast tumor samples are shown. 
A: Histogram of cell diameter from a tumor sample at passages P1 to P3 (sample size: P1= 164, P2=496, 
P3=824 cells). Cell diameter was determined from suspended cells during trapping in the Optical Stretcher. A 
constant increase of cell diameter with passage number was observed. B: Boxplot of cell diameter of a tumor 
sample at passage number P2, P3 and P5 (mean (square), median, 25 % and 75 % range are displayed, diamonds 
mark outliers; sample size: P2=555, P3=551, P5=278 cells). Between passage number P2 and P5, the mean cell 
diameter of the tumor sample increases 1.7-fold which corresponds to a 5-fold higher volume. 
It becomes obvious that for reliable biomechanical measurements on primary cells, one has to 
minimize culture effects as much as possible. Ideally, cells would be measured directly after isolation 
without prior culture. The isolation of cells from tissue requires the use of specific enzymes (see 
chapter 3.1.3.1) to digest the extracellular matrix and DNAse to digest extracellular DNA from necrotic 
cells which would otherwise agglutinate cells. These enzymes also affect the cell membrane, leading 
to enhanced membrane blebbing of suspended cells and therefore impede Stretcher measurements, 
which rely on exact edge detection and a spherical shape of cells. Furthermore, after enzymatic 
digestion the sample is contaminated with cell and matrix debris even after several washing steps. 
These impurities act as scattering centers in the trapping region of the Optical Stretcher. Methods such 
as brush and FNA biopsy obtaining single cells directly from the tumor might be an alternative, but 
yield a sample size too small for statistically relevant measurements. For measurements of primary 
cells we therefore cultured digested cells as well as cells collected by FNA for a short time (3 to 17 days) 
99%
1%
99%
1%
99%
1%
bre
as
t tu
mo
r P2
bre
as
t tu
mo
r P3
bre
as
t tu
mo
r P5
10
20
30
ce
ll 
di
am
et
e
r 
[µm
]
10 20 30 40
0
50
100
150
co
u
n
t
cell diameter [µm]
 breast tumor P1
 breast tumor P2
 breast tumor P3
A B
63 
 
prior to measurement to allow them to recover from the enzymatic treatment and contaminating 
particles could easily be washed off from adherent cells.  
 
4.2.2 	Individual	and	cell	type	differences		
4.2.2.1 Influence	of	age	and	medication	
 
Fig. 4.5: Individual factors influencing the biomechanical behavior of cells. A: Example of aging effects in human 
dermal keratinocytes. Cells from an older donor behave stiffer under applied stress compared to a 27 years old 
donor (Gaussian fitted to visualize distribution, sample size: female 27 a = 19 cells, female 68 a = 14 cells). B: 
Two tumor samples with similar pathological grading (Grade 3 without nodal metastasis). One patient 
underwent drug treatment and radiotherapy prior to tumor resection (neoadjuvant). Cells from this sample 
deform less under same applied stress (fit: lognormal function, sample size: tumor G3, N-=830 cells, tumor G3, 
N-, neoadjuvant = 750 cells). 
Individual differences between human tissue donors such as age, lifestyle, diet, drug treatment and 
diseases might influence the biomechanical properties of specific cells of the donor (Suresh 2007). For 
example, human dermal fibroblasts as well as keratinocytes show stiffening with increasing age of the 
donor (Schulze, Wetzel et al. 2010)(see also Fig. 4.5A). This finding was correlated with reduced G-actin 
to F-actin ratio in dermal fibroblasts. Cytostatics like taxol acting directly on specific components of the 
cytoskeleton or interfering with signaling pathways and therefore altering the cytoskeletal network are 
commonly used in cancer treatment (Holmes, Walters et al. 1991; Adjei 2001 ). Furthermore, we found 
that cancer cells from patients, who received chemotherapy prior to tumor resection, are less 
compliant, i.e. stiffer than cells from a tumor with similar pathological grading but without prior drug 
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treatment (Fig. 4.5B). When comparing primary cancer cells to controls, these influences have to be 
taken into account. Chapter 4.3 presents data from a clinical trial of biomechanical characterization of 
breast cancer cells. As one control system, cells from breast reduction were used (HMEpC cells provided 
by PromoCell). The donor of these cells was 23 years old whereas breast cancer patients from which 
tumor samples were obtained were older than 50 years. Influences of culture and age might masks 
signals of biomechanical changes due to malignant transformation of cells. Therefore, samples of 
benign lesions were used as a further control. 
 
4.2.2.2 Rheological	variations	between	cell	types		
The human body is composed of tissues with a wide range of stiffness. Since cells adapt to their 
environmental matrix stiffness (Levental, Georges et al. 2007), each cell type comprises its own elastic 
regime (Janmey and McCulloch 2007). But how do cells vary within the same matrix? During tumor 
development, the surrounding matrix as well as the tumor cells itself undergo mechanical changes 
(Guck, Schinkinger et al. 2005; Kumar and Weaver 2009). Do malignant cells from different tumor sites 
exhibit similar mechanical properties? In this chapter, results addressing these questions are presented 
for primary cells that have been in culture only for short times and therefore might not have adapted 
to the culturing substrate. Contrary to studies using long cultured cell lines, this allows more reliable 
conclusions. 
The human skin is composed of three layers: epidermis, dermis and subcutis (which contains mainly 
adipose cells). The epidermis mainly consists of keratinocytes which differentiate from basal layer to 
squamous epithelium forming the outermost layer. Separated by a basement membrane, the dermis is 
tightly connected to the epidermis forming a connective tissue which serves as a bond between 
epidermis and underlying structures. This layer has a dominant extracellular matrix composed of 
collagen and elastin fibers including widely dispersed fibroblasts. The epidermis contains no blood 
vessels but gets nourished by diffusion processes from the dermis. On the other hand, external stress 
such as UV-light and chemicals penetrating the squamous epithelium affect both keratinocytes and 
dermal fibroblasts. This might be the reason why both cell types from the same donor show similar 
mechanical behavior under applied step stress. Fig. 4.6 shows Optical Stretcher measurements of 
primary keratinocytes and dermal fibroblasts from three different donors. Although there are 
differences between the individuals in deformation behavior of the same cell type (the cells of older 
donors are stiffer, see also chapter 4.2.2.1), keratinocytes and fibroblasts from the same donors deform 
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similar. The differences between individuals caused by e.g. age, live style and UV-light exposure are 
larger than differences between dermal fibroblasts and epidermal keratinocytes. 
 
Fig. 4.6: Biomechanical behavior of primary cells from dermis (fibroblasts) and epidermis (keratinocytes). Skin 
tissue from three donors of different age was separated into dermal and epidermal layer and cells were 
isolated. The deformation curves of both cell types originating from the same organ are remarkably similar. 
Error bars represent standard error. 
 
4.2.2.3 	Malignant	tissues	
Cancer, a group of diseases characterized by uncontrolled cell growth and invasion of neighboring 
tissue in later stages, can originate from various organs and tissues within the human body. Still, there 
are general characteristics and the process of invasion and metastasis formation is thought to follow 
similar mechanisms (Hanahan and Weinberg 2000; Mierke 2013). In these processes, mechanical 
transformations seem to play an important role. To metastasize, single cells have to detach from the 
primary tumor, migrate through different matrices and tight membranes and attach to a distant site of 
the body to form a secondary tumor (Wirtz, Konstantopoulos et al. 2011). This requires alterations of 
the cytoskeletal network, as was found to be expression of vimentin (Paccione, Miyazaki et al. 2008), 
enhanced stress fiber formation (Jung, Hwang et al. 2007) and reduced F-actin level (Guck, Schinkinger 
et al. 2005).  But do all tumor cells despite their tissue of origin show similar mechanical characteristics? 
From the pathology Hamburg-West tissue samples of tumors originating from lung, breast, ovary and 
pleura were obtained. Cells were isolated using the same protocol and digesting enzyme (see chapter 
3.1.3). Ovarian cells were found to be very soft whereas breast and lung cancer cells showed a similar 
range of stiffness (see Fig. 4.7). The data display the mean compliance after 2 s of stretch and the 
standard deviation of the distribution (error bars). The samples of lung, breast and ovarian cancer were 
all classified as carcinomas, i.e. they originate from epithelial cells. The organ the epithelial cells are 
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layering (lung, breast and ovary) differ in stiffness. Cells are known to adapt to matrix stiffness of their 
environment (Yu, Mouw et al. 2011). This adaption might still be conserved in the majority of cells 
within the tumor accounting for the different regimes of stiffnesses between cancer types.   
The pleural space, the cavity between the lungs and chest wall that contains pleural fluid, is a common 
site for metastasis formation. The investigation of cells from a metastatic tumor found in the pleura 
yielded a very broad spectrum of deformations. This might be attributed to the broad biological 
heterogeneity of secondary lesions as also found in aggressive, late stage tumors (Fidler 1987).  
 
Fig. 4.7: Mechanical properties of cells obtained from tissue samples of primary tumors from lung, breast and 
ovary and from metastatic site (pleura). The data indicate that there is no uniform biomechanical behavior of 
malignant cells. The tissue of origin seems to determine a certain mechanical regime wherein tumor cells 
change their biomechanical behavior during malignant transformation. Cells from a metastatic site show a very 
broad spectrum of deformations. Data display mean compliance after 2 s stretch and standard deviation. 
 
4.3 Characterization	of	human	primary	
breast	cancer	cells	
Cancer cells show several alterations of the cytoskeletal network compared to their normal 
counterparts (see chapter 2.2.1). These changes have to affect the biomechanical behavior of cancer 
cells. Whether tumor cell softening or hardening happens influences drastically the perspectives on 
tumor growth and progression. Furthermore, the question remains whether these changes occur 
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within the tumor or are caused by adaption of the cell to the stiffer extracellular matrix outside the 
tumor boundaries. This work presents the first clinical study of the biomechanical behavior of single 
cells from solid primary carcinomas with samples of relevant cell numbers.  
In this chapter, measurements of primary human breast cancer cells isolated from tissue samples will 
be presented. This work was done within the BMBF funded project Exprimage in cooperation with 
partners from academia and industry. Tissue samples obtained from the pathology Hamburg-West 
were digested (see chapter 3.1.3.1 for details) and single cells isolated. After short-time culture 
mechanical properties of single suspended cells were measured by step stress experiments using the 
Optical Stretcher, where a tensile stress of about 20 Pa (800 mW applied laser power per fiber) caused 
a 0.5 – 7 % elongation of the cells along the laser axis (see chapter 3.2 for method). As a reference cells 
from normal breast tissue (resected tissue from breast reduction, cells provided by Promocell, 
Heidelberg) and from benign lesions (fibroadenoma) were used. Raw data rather than model-
dependent determined parameter are presented to identify differences in mechanical responses to 
external stress between normal and malignant cells, especially those not relating to passive behavior, 
which would otherwise be hidden by unifying assumptions of rheological model.  
This study was approved by the ethics committees of the University of Leipzig, medical department, 
and the medical association Hamburg. A consent document was signed by all patients prior to surgery. 
Diagnostic relevant parts of the tumor biopsy were used for standard tumor classification procedure 
done by the responsible pathologist. Remaining tissue with vital cells was used for cell isolation. IRB 
(Institutional Review Board) approval was given for collecting tissue by FNA after surgery at Montefiore 
Hospital, Bronx, USA. 
 
4.3.1 	Malignant	tissues	comprise	an	increased	number	of	
softer	cells	
Tumor samples of 13 breast patients were compared to fibroadenomas, benign lesions in the breast 
that are composed of fibrous and glandular tissue. Using fine needle aspiration (FNA) sheets of 
epithelial cells were obtained which served as a control for breast cancer samples. As a second non-
malignant reference we used primary human mammary epithelia cells (HMEpC) isolated from breast 
reductions provided by PromoCell (Heidelberg, Germany). These cells were at passage number two 
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when delivered and therefore might have experienced some softening due to cell culture effects (see 
chapter 4.2.1).  
Fig. 4.8 shows deformation behavior of breast cancer samples at creep-compliance experiments. To 
demonstrate single cell behavior within a sample, one tumor and one FA control were chosen and the 
individual deformation curves displayed in Fig. 4.8A. Benign and tumor samples both share stiffer cells 
that prevent a complete separation of malignant and non-malignant distributions of the relative 
deformations. However, the tumor samples include a significant amount of readily deforming cells not 
found in control samples. Fig. 4.8C presents the maximum deformation of the cells of the two samples 
at the end of stretch. For tumor cells, the distribution is shifted to higher deformation, i.e. to softer 
behavior. Histograms for all measured tumor samples and controls can be found in Fig. B. 1, appendix. 
In general, tumor samples show a broader distribution of cell deformations accounting for the 
heterogeneous nature of a tumor, which is mirrored in a higher variance (see Table 4.1). Mode, median 
and mean values of tumor samples exceed these of benign controls allocating the softer behavior of 
tumor cells. 
Tumors at higher pathological grading contain a wide spectrum of cells ranging from normal cells such 
as stroma cells to metastatic competent cells (Teixeira and Heim 2011). A trend to more cells with 
higher deformability with grading was conceivably found for mamma carcinomas (see Fig. 4.8B). 
However more data are required to establish a robust correlation. In addition the whole distribution of 
relative deformations broadens with advanced tumor grading. A detailed summary of all measured 
tumor samples can be found in Table 4.1 in conjunction with the available corresponding patient 
staging.  
HMEpC cells, which had been cultured for longer times and passaged twice prior to measurement, 
show a softer behavior than short-time cultured fibroadenomas and two of the 13 measured tumor 
samples (Fig. 4.8D). This is very likely attributed to cell softening caused by longer 2D culture on stiff 
substrates (see chapter 4.2.1). 
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Fig. 4.8: Relative deformation under applied step stress of breast cancer cells compared to benign cells 
(fibroadenoma) and normal controls (HMEpC). A: Single deformation curves of tumor (G3, N+, dark blue) and 
fibroadenoma (light blue) cells. B: Boxplot of maximum deformation plotted against their pathological grading 
(N- / N+ marks found nodal metastasis). For higher grading the amount of softer cells increases, the distribution 
becomes broader (box marks 25 %, mean, 75 % of data points, whiskers give 1.5 times interquartile range). C: 
Distribution of maximum deformation of samples shown in A. D: Mean deformation curve of all measured 
tumor samples (dark blue) compared to fibroadenoma (FA, light blue) and cells from breast reduction (HMEpC, 
red). Note that contrary to tumor and FA samples which have been cultured only 3 to 17 days prior to 
measurement, HMEpC were obtained and measured at the end of the second passage and therefore have been 
significant longer in culture. This leads to a softening of cells since they adapt to culture conditions (see chapter 
4.2.1). 
The distributions of the relative deformation of tumor cells shown in Fig. 4.8A+B are all non-Gaussian. 
Lognormal functions allowing a positive skew can be applied to describe the distributions (Maloney 
and Van Vliet 2011). Characteristic for distributions with a positive skew is an arithmetic mean value 
larger than the median value (end of second quartile) which exceeds the mode (most frequent) value 
contrary to a Gaussian distribution, where mode, median and mean value are equal (see Fig. 4.9). All 
statistical quantities are listed in Table 4.1. The samples contain cells with different mechanical 
behaviors. Tumors comprise a broad spectrum of cells with mechanical properties similar to normal 
tissues and softer cells not found in controls. Differences in the biomechanics of tumors are reflected 
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by shifts and changes in shape of the asymmetric distributions. The distributions of tumor cell 
deformation show a stronger skew to the right than controls. 
 
Fig. 4.9: Lognormal (light blue) and Gaussian (red) distribution function fitted to data of the compliance after 
2 s of stretch and statistic quantities that characterize the distribution for cells from a G3, N- classified breast 
cancer tumor (tumor 4). The most frequent value (mode, blue) differs from the median (red) as well as from 
the mean value (green) due to the skewness of the distribution. The goodness of fit (χ²), which would be 1 for 
ideal fitting, is higher for the lognormal fit which allows a positive skew of the distribution.
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sample mode median mean variance 
(x10-5) 
skewness Grade (G), 
nodal 
metastasi
s (N+/N-) 
T class 
(pT) 
ER 
(x/12) 
PR 
(x/12) 
Her2neu additional age sample 
size 
HMEpC 0.0129 0.01772 0.0186 9.2 0.98       23 352 
FA 1 0.0125 0.01553 0.0161 5.4 0.74      fibroadenoma  80 
FA 2 0.0125 0.01312 0.0161 8.5 0.85      fibroadenoma 19 76 
Breast tumor 1 0.0139 0.02913 0.0296 7.7 0.37 3(N+) 2 12 6 1+  >50 613 
Breast tumor 2 0.0226 0.02279 0.0230 6.6 0.62 3(N-) 1c 12 12 0  >50 423 
Breast tumor 3 0.0134 0.02475 0.0259 9.3 0.7 3(N-) 2 12 4 1+  >50 529 
Breast tumor 4 0.0164 0.02004 0.0215 9.8 16.16 3(N-) 2 0 0 1+ neoadjuv. <50 750 
Breast tumor 5 0.025 0.02654 0.0295 20.6 1.36 2(N-) 1c 12 9 0  >50 46 
Breast tumor 6 0.0145 0.02526 0.0283 25.5 21.6 3(N+) 2 8 4 1+  >50 763 
Breast tumor 7 0.0110 0.01974 0.0215 7.8 16.55 3(N+) 3 8 4 2+  >50 770 
Breast tumor 8 0.012 0.02665 0.0284 15.4 23.38 3(N+) 1 0 0 1+  >50 823 
Breast tumor 9 0.0172 0.02998 0.0317 21.1 9.21 3(N-) 2 6 6 1+  >50 291 
Breast tumor 10 0.0300 0.02779 0.0301 16.8 24.99 3(N-) 1 12 0 1+  >50 830 
Breast tumor 11 0.0188 0.01884 0.0223 18.2 5.67 1(N-) 2 12 0 1+  >50 254 
Breast tumor 12 0.0164 0.01514 0.0168 7.2 4.03 3(N-) 2 8 6 0  <50 240 
Breast tumor 13 0.0134 0.01551 0.0176 8.1 3.39 1(N-) 1c 12 12 0  <50 193 
Table 4.1: Statistical quantities of maximum relative deformation after 2 s stretching and pathological staging according to UICC TNM-classification (where grade 3, N+/N-) 
means with/without nodal metastasis) of measured breast cancer samples. Additionally, estrogen, progesterone (immune-reactive score IRS) and HER2neu receptor status 
are given. All distributions of deformation of primary cells show a positive skew which accounts for the right tail of the distributions.  
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4.3.2 	Tumor	cells	show	a	strong	relaxation	behavior	
Tumor cells not only show higher deformation at applied stress, but also relax stronger back towards 
their original shape (Fig. 4.11A+C and Fig. B. 2 in appendix). The cell’s mechanical response is quite 
complex comprising passive viscoelastic behavior as well as active responses. To help interpreting 
relaxation data, a simple Maxwell Model will be used. This model will not give adequate material 
constant but will help to understand to which parts elastic and viscous behavior determine the cell’s 
responds to external stress according to the relaxation behavior. If we assume a simple linear 
viscoelastic material, the resulting strain to a certain stress can be described by 
=>  =?> + =@> , (4.1)
where =(t) is the strain caused by elastic response and =->  by viscous responds (see Fig. 4.10). For an applied 
step stress with σ[t0,t1]=σ0 and a geometric factor FG accounting for the spherical shape of a cell, the resulting 
strain becomes 
=> 
AB
C
BD
0,				> < >	
G	HI1 + 1- > − >	  G	HI- > − >	 ,			> < >
, 		>	 ≤ > ≤ > 
(4.2)
The (absolute) relaxation =	at the end of observation time in therefore reciprocally proportional to 
the Young’s Modulus E. Cells showing a strong relaxation behave like a “dilatable spring” with low E. 
This is the case for malignant cells. Their smaller Young’s Modulus allows them to deform more readily 
but also to relax back stronger by only passive behavior. This has advantages for a cancer cell when 
invading the body, where it has to overcome small gap sizes to squeeze through (e.g. at the endothelia 
membrane when entering into a blood vessel). 
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Fig. 4.10: Maxwell model of a linear viscoelastic material. This very simple model can be used to illustrate how 
relaxation behavior after deformation correlates with elastic or viscous dominated responses. 
The relative relaxation, i.e. the percentage to which the cell acquires its ground state at the end of 
observation calculated by 1-γ(tend of obs.)/γ(t1)	directly correlates with the ratio of elastic to viscous 
behavior of the cell. At fully elastic behavior the relative relaxation would be 1, the cell would exhibit 
the same shape as before stretching. Contrary, a fully viscous behavior would not allow any relaxation.  
Table 4.2 presents relative relaxation values of fibroadenoma and tumor samples according to their 
pathological staging. Cells from benign lesion show a smaller relative relaxation, their deformation 
behavior is dominated by the viscous component. In tumor cells the elastic component is more 
dominant than in benign controls (see also Fig. 4.11B). The relative values of relaxation show strong 
variations. This is mainly caused by noise from edge detection at small deformations.  
	 rel.	relaxation	[%]	
Fibroadenoma	 29±29 
Tumor	G1	 42±35 
Tumor	G3,	N-	 42±51 
Tumor	G3,	N+	 50±42 
 Table 4.2: Relative relaxation of benign and malignant cells (mean and standard deviation). Malignant cells 
show a stronger relative relaxation accounting for a more elastic behavior. The values show a huge variation 
due to error-prone values at small deformations. 
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Fig. 4.11: Relaxation behaviour of cells. A: Mean deformation curves of benign (FA, light blue), cancerous (G3, 
N-, blue) and metastatic (G3, N+, dark blue) tumor sample. After stretching phase [t=1 s, t=3 s] the laser power 
is reduced to trapping mode allowing cells to recover. Though cells from metastatic tumor show highest 
deformation, they relax strongest back to their original shape in the observed time frame. B: The same tumor 
samples normalized to their maximum elongation. Cells from benign lesion relax only about 20 % back to 
ground state, whereas cells from metastatic tumor recover about 60 % from elongation. C: Boxplot of relaxation 
of single cells over their pathological staging. Grade 3 tumors show enhanced relaxation behavior with higher 
variations between individual cells wheras cells from benign lesion (FA, light blue) and early stage tumor (G1) 
exhibit a comparable narrow distribution. 
 
4.3.3 	Single	cells	contract	against	applied	stress	
A passive viscoelastic material under a constant pulling force can only elongate. The deformation 
behavior of several breast cancer cells deviates from this expected behavior (see Fig. 4.12). These cells 
exceed their maximum of elongation during stretching and contract, which is potentially caused by an 
active contractile behavior. Single cells even contract beyond ground state (Fig. 4.12B) and their 
elongation along the laser axis becomes smaller than perpendicular to it (y-direction). Within normal 
controls fewer cells with this behavior were found compared to samples from breast cancer tissue, 
though more data are required to verify this finding (only one sample of HMEpC cells was used as 
control, see Fig. 4.12C). Nevertheless, the existence of contractile cells would agree well with the 
observation that tumor samples display an enhanced relaxation behavior. Molecular motor activity can 
prestress a polymer network and even generate contractions (Koenderink, Dogic et al. 2009). Since 
overexpression of myosin II was found in aggressive subtypes of cancer (Minamiya, Nakagawa et al. 
2005), contracting cell might be more likely found in late-stage tumors. 
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Fig. 4.12: Contracting cells in primary samples. A: Example of cells which contract against applied stress, i.e. 
they exceed their maximum deformation before the end of stretching phase (t= [1, 3] s). To determine 
contractions, a linear function was fitted to the last seven data points of stretching phase. When the slope of 
this function was <0, cells were interpreted to show contractions. B: Strong contracting cell (red) compared to 
passive deforming cell (black). C: A higher amount of contracting cells were found in tumor samples than in 
normal controls. Further data are needed to validate this finding. 
4.4 Changing	the	biomechanical	
phenotype	-	induced	alterations	of	
the	F-actin	network	
The cytoskeleton primarily determines the cell’s shape and mechanical deformation characteristics 
(Zhu, Bao et al. 2000). In concert with accessory proteins, it plays an important role in such cellular 
processes as mechanotransduction, mitosis and migration. The concentrations and molecular 
architecture of different constituent components of the cytoskeleton determine the overall 
deformability and mechanical response of the cell to externally applied stress. During cancer 
development the actin network is degraded, less filamentous actin is found in cancerous cells (Guck, 
Schinkinger et al. 2005). This may indicate that the cytoskeletal composition of a cell mirrors its 
biological state in tumorigenesis, the measurement of which could offer valuable insights into the 
pathogenic basis of this disease. In chapter 4.3 the biomechanical behavior of cancer cells was 
76 
 
characterized and compared to cells from benign lesion and normal controls. Main finding were a softer 
behavior of malignant cells accompanied by stronger relaxation and even contractions. Can these 
alterations be explained by the degraded actin network? For answering this question we used 
cytoskeletal drugs to manipulate the actin-network. 
Latrunculin sequesters monomeric actin with 1:1 stoichiometry and prevents them from polymerizing. 
Administered in vivo, this results in disruption of thecytoskeletal actin filaments (Yarmola, 
Somasundaram et al. 2000). Primary lung alveolar typ II cells from rat were treated with latrunculin 1 
h prior to measurements at a concentration of 1 µM, at which almost all long actin filaments are 
disrupted (Yarmola, Somasundaram et al. 2000). Cellular stiffness (inverse compliance at the end of 
stretch) decreases to about 80 % of control level (see Table 4.3). 
Jasplakinolide binds to and stabilizes filamentous actin (Bubb, Spector et al.). Primary typ II alveolar 
cells from rat were treated with 0.1 µM jasplakinolide 1 h prior to measurement. Cells showed a radical 
increase in stiffness (more than 160 % of control level) and a stronger relaxation behavior (i.e. the 
relaxation of the elongated cell back to ground state in a given time frame, see Fig. 4.13).  
	 compliance	
at	t=3	s				
*10-2	[1/Pa]	
stiffness	
at	t=3	s	
[Pa]	
%	of			
control	level	
rel.	
relaxation	
at	t=5	s	
controls	 0.97±0.07 103±7 100 27±7  % 
latrunculin	 1.2±0.07 84±5 81 17±7  % 
jasplakinolide	 0.58±0.08 173±3 167 60±7 % 
Table 4.3: Mean data of compliance, stiffness and relative relaxation of cells treated with latrunculin and 
jasplakinolide. 
In this experiment, cells with a degraded actin network showed higher deformation than controls or 
cells with stabilized F-actin. This is in good agreement with finding on cancer cells being softer than 
normal controls. Nevertheless, a more viscous mechanical response was observed for latrunculin 
treated cells, as characterized by the lower relative relaxation. Cells with stabilized actin network show 
a more elastic response, i.e. a higher relative relaxation. This is contrary to the finding that cancer cells, 
which have a lower F-actin level show an increased elastic response, which therefore cannot be 
explained by F-actin reduction and require further alteration in the cellular composition.  
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Fig. 4.13: Change of deformation behavior after drug treatment. Latrunculin treated cells (light blue) show a 
higher deformation accompanied by a weaker relaxation, whereas cells exposed to jasplakinolide (dark blue) 
stiffen and display a strong relaxation behavior after stretching (sample size: controls=136, latrunculin=97, 
jasplakinolide=44 cells; error bars represent standard error). 
Another F-actin stabilizing drug called BDFws1 was obtained from Beiersdorf AG. Exposure to UV-light 
usually leads to depolymerization of actin filaments in cells (Levee, Dabrowska et al. 1996). Beiersdorf 
AG found that treating cells with BDFws1 protects the cell’s actin network against photodamage. The 
molecular mechanism still remains unsolved. For cell line models it was shown that cancer cells are 
softer than normal controls when measured at single cell level in suspension due to reduced F-actin 
content (Guck, Schinkinger et al. 2005; Cross, Jin et al. 2008). We investigated if a stabilizing effect can 
be observed on cancer cells treated with BDFws1 and whether it would manipulate the cancer cell’s 
phenotype in a way resembling normal controls. Optical Stretcher measurements on cancerous mouse 
fibroblast cell line SVT2 resulted in a decrease in deformation of 30 % for cells treated with 10 µg/ml 
BDFws1 (see Fig. 4.14A). These results are in good agreement with AFM measurements on adherent 
cells, showing that treated cells are significantly stiffer in the region of lamellipodium (1-2 µm cell 
height) compared to controls (see Fig. 4.14B, data taken by Karla Müller). The lamellipodium, a flat 
membrane protrusion at the cell’s leading edge spanned with actin filaments, drives cell movement by 
actin polymerization against the leading edge membrane (Zimmermann, Brunner et al. 2012). 
Alterations in F-actin composition have therefore a strong impact on elasticity at the lamellipodium, 
which explains the drastic increase in elasticity.  Furthermore, incubation of SVT2 cells with 10 µg/ml 
for 96 hours reduced proliferation by 40 % (Fig. 4.14F). 
Decreased proliferation and F-actin stabilization could reduce the aggressiveness of cancer cells when 
treated with BDFws1, since it targets key features acquired during malignant transformation. Less F-
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actin dynamics would hinder cell migration, which is driven by actin assembly and disassembly of the 
cell’s leading edge (Pollard and Borisy 2003).  
 
 
Fig. 4.14: Influence of BDFws1 on cell mechanics and proliferation. A: BDFws1 treated cancer cells (light blue, 
14 cells) deform 30 % less under same applied stress than controls (dark blue, 11 cells). B: AFM measurement 
of same cells. At the cell lamellipodium BDFws1 treated cells (light blue) are significantly stiffer than normal 
controls (10 cells per sample measured, data taken by Karla Müller). C: Proliferation is drastically reduced after 
96 h of incubation with BDFws1. 
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5 Discussion	
Single cell biomechanical characterization has raised increasing interest in the study of human diseases 
(Suresh 2007). The previous chapter described alteration in biomechanical behavior found in breast 
cancer cells derived from primary tumors. The biomechanical signature, in concert with other chemical, 
biological and genetic pathways, offers new perspectives through which cellular functions in human 
health and disease could be better understood. Starting with potential measurement bias, this chapter 
will discuss the findings, bring them into context with other work done in the field of physics of cancer 
and propose experiments for subsequent research. 
5.1 Measurement	bias	and	impact	
factors	
Primary cells within a tumor are heterogeneous expressing a broad spectrum of biomechanical 
behavior. Identifying differences in the biomechanical signature between cells from tumors of different 
states of malignancy requires optimal measurement parameters with low noise, high signals and 
preferably maintaining cell viability to enable subsequent analysis of measured cells. The Optical 
Stretcher enables contact-free whole cell elasticity measurements on suspended cells, which contrary 
to adherent cells show a well defined spherical geometry with the actin network assembled to a shell-
like cortex. The used setup, the Automated Microfluidic Optical Stretcher (AMOS) can achieve sampling 
rates of about 200 cells per hour due to its fully automated microfluidic and particle detection (see 
chapter 3.2). No subjective pre-selection of measured cells is done by the operator. The automated 
setup randomly measures cells fulfilling minimum criteria (minimum size, contrast and roundness). 
These are huge advantages to other mirco-mechanical techniques for single cell measurements using 
adherent cells with no automation (and therefore risking selection bias) and/or low sample rates (see 
chapter 2.2.2). 
Most optical techniques for cell manipulation use infrared laser light which causes significant heating 
due to water absorption (Ebert, Travis et al. 2007). Apart from volume expansion, the cells 
biomechanical properties change with temperature. When the temperature increases within a cell the 
viscosity of the cell decreases almost simultaneously (Kießling, Stange et al. 2013). To compare 
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biomechanical measurements all experiments should be carried out at the same laser power, which 
means that all cells experience the same temperature increase during measurement.  
The maximum temperature the cells are exposed to during measurement should not exceed 48° C for 
5 s to maintain cell viability (see Fig. 3.10). The subsequent sorting and analysis of measured cells, e.g. 
the motility of a readily deforming subpopulation, could provide valuable information of the 
invasiveness of these cells and their role in metastasis formation. Aggressive subtypes could be tested 
specifically for ideal treatment strategies and chemotherapeutics. 
Cellular networks show only a short linear regime for small deformations. Strain hardening and 
crosslinker rupture of network filaments cause non-linearities already at 6-10 % deformation (Janmey, 
Hvidt et al. 1990; Xu, Tseng et al. 2000). To identify the linear regime, cells were measured at different 
laser powers (see chapter 4.1). To reduce temperature effects, the distance between the two opposing 
fibers of the laser trap was chosen as close as possible (limited by the width of the flow channel) to 
expose high forces on the cell. For breast cancer cells, non-linerarities were seen above 900 mW (Fig. 
4.1). Therefore the standard measurement laser power for breast cancer cells experiments was chosen 
to be 800 mW. The temperature-controlled microscopy stage ensured a constant ambient temperature 
of 23° C. During stretching when the laser power increased to 800 mW, the cells experienced a 
maximum temperature of 42° C for two seconds. According to viability measurements about 80 % of 
cells stay viable at those conditions (see chapter 3.2.4). 
Cells are highly responsive to mechanical stimuli (Buxboim, Ivanovska et al. 2010; Raab, Swift et al. 
2012). When isolated from their natural 3d-tissue matrix, primary cells change their cytoskeleton in 
response to the substrate on which they are cultured (Yeung, Georges et al. 2005). Measurements on 
primary cells which had been in culture for a longer time showed significant softening accompanied by 
an increase in cell size compared to short-time cultured cells. Thereby the softening increased with the 
time the cells had been in culture (see chapter 4.2.1), although strongest effects were seen within the 
first 20 days. In this work, primary tumor cells were measured after short-time culture (after 8±5 days), 
which could still have caused some softening. For entirely avoiding substrate effects, one would have 
to measure cells directly after isolation from tissue. This turned out to be difficult. After enzymatic 
digestion necessary to isolate single cells from tissue samples (see chapter 3.1.3.1), debris of 
extracellular matrix (mainly collagen fibers) and necrotic cells contaminate the sample, which cannot 
entirely be eliminated by straining and centrifugation sequences. During measurement small particles 
get into the laser trap, scattering the laser light and therefore influencing the stress exerted on the 
measured cell. Samples obtained with methods like brush and fine needle aspiration (FNA) biopsies 
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(see chapter 3.1.3.2), where single cells are directly obtained without the need of enzymatic digestion, 
are less contaminated with debris. However, obtained samples were too small to enable measurements 
with the used setup. Modification of the microfluidic system, e.g. the use of shorter tubing and flow 
channel, could enable measurements of very low sample volumes in the range of 100 µl. For using 
biomechanical single cell measurements as a routine diagnostic tool, such a modification would 
provide an essential advantage, since labour and time intensive pre-culturing of cells could be avoided. 
The observed softening of cells as a response to stiff substrates illustrates that cells ‘feel’ their 
surrounding and adapt their cytoskeleton to the cell’s microenvironment. This was also observed in 3D 
experiment with cancer cells. The stiffness of the tumor’s surrounding drives the tumor’s 
aggressiveness (Paszek, Zahir et al. 2005). 
Changes in extracellular matrix organization and density are also induced by aging (El-Domyati, Attia et 
al. 2002). Thus, one would expect that the donor’s age influences the biomechanical properties of 
obtained primary cells. Indeed, it could be shown on dermal epithelial cells (keratinocytes, see Fig. 
4.5A) and dermal fibroblasts (Schulze, Wetzel et al. 2010) that cells become stiffer with age of the 
donors. In this work, obtained breast tumor samples were obtained from patients all older than 
50 years whereas donors for normal controls (breast reduction, HMEpC) and fibroadenoma (FA) 
patients have been 23 and 19 years (FA2, age of donor from FA1 not known) old respectively. Therefore 
differences in cell biomechanics might be underestimated. However, since HMEpC cells were obtained 
at the end of the second passage from Promocell, Heidelberg, the dominating effect on cell 
biomechanics results from longer culture times compared to measured tumor and FA cells, which very 
probably caused significant softening. FA samples as a benign lesion are therefore a more reliable 
control, since these cells experienced only short-time culture similar to isolated tumor cells. 
Another possible impact factor is neoadjuvant therapy patients were treated with prior to tumor 
resection. The one obtained sample of a chemically pretreated tumor showed a clear shift in 
distribution to lower deformation (and therefore stiffer) behavior than a tumor sample with 
comparable staging (see Fig. 4.5B). In cancer chemotherapy most drugs act as cytostatics, hindering 
cells to proliferate (Jordan and Wilson 2004). Cancer cells, which are highly proliferative, are targeted 
and forced to cell rest or apoptosis. The remaining tumor therefore contains less malignant cells which 
is mirrored in the shift of the distribution to stiffer behavior characteristic for normal breast epithelial 
cells. 
The biomechanical behavior of tumor cells is influenced by their tissue of origin (see chapter 4.2.2.3). 
Tumors are heterogeneous: each cell population within a tumor comprises normal cells as well as cells 
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of different stages of malignancy. In soft tissues like ovary, the reference point for normal cell behavior 
is shifted so that ovarian tumor cells show a softer behavior than carcinoma cells from lung and breast. 
Cells obtained from a metastatic site showed a very broad distribution of biomechanical behavior (see 
Fig. 4.7). This might be attributed to the high heterogeneity of secondary lesions (Fidler 1987). 
To sum up, several impact factors resulting from side effects of the experimental setup and structural 
configuration of the cytoskeletal network, as well as heterogeneities attributed to biodiversity of tissue, 
age and treatment history have to be considered when measuring and comparing biomechanical 
properties of normal and malignant cells. In an ideal case, control cells would be obtained from 
neighboring tissue of the tumor from the same patient. Under ideal conditions, measurements of 
primary cells are reproducible and the variance of biomechanical behavior can be minimized (see 
chapter 3.2.3). The remaining variation accounts for natural diversity of primary cells. Interestingly, 
these distributions often have a positive skew and resemble a lognormal distribution (see Fig. 4.9). 
Thereby, the mass of the measurement values is concentrated on the left (accounting for low 
deformability, i.e. rigid cells) and the distribution has a long tail to the right representing the fraction 
of soft cells. Consequentially, there are no characteristic peaks for the deformability of different 
mechanical cell types that can be simply separated by calculating the mean value and the standard 
deviation. An increase in soft cells visible by the shift of the distribution to higher relative deformations 
was found to be characteristic for breast tumors. This shift was accompanied by a higher variation (Fig. 
B. 1) and skewness of the distribution (Table 4.1). Thus differences in the biomechanics of tumors are 
reflected by significant shifts and changes in shape of the asymmetric distributions. Maloney et al. 
attribute the lognormal distribution to power-law rheological behavior of cells, where the 
characterizing exponent varies intrinsically among cells as a Gaussian-distributed variable (Maloney 
and Van Vliet 2011). Power law behavior means for step-stress experiments, that the creep compliance 
J(t) of a cell scales with time t as J(t)∝ ta, where a is the power law exponent. Maloney and Van Vliet 
showed that a Gaussian distribution of a leads to a lognormal distribution of stiffness and compliance. 
The variations within a sample are attributed to different possible arrangements in cytoskeletal 
network a cell can assume. Each cytoskeletal state has its own relaxation time leading to a distribution 
characteristic time scales within a sample rather than a universial behavior (Maloney and Van Vliet 
2011).  
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5.2 Softening	as	an	effect	of	cytoskeletal	
reorganization	in	cancer	cells	
Cells change and reorganize their cytoskeletal network during malignant transformation (see chapter 
2.2.1). Drastic changes in the signature of expressed intermediate filaments and altered actin network 
with loss of actin filaments (Rao, Hemstreet et al. 1991; Guck, Schinkinger et al. 2005) and 
disorganization (Pollack, Osborn et al. 1975) have been identified, which must impact the 
biomechanical behavior of cells. Comprehensive studies that relied on cell lines showed that cancer 
cells become softer (Lekka, Laidler et al. 1999) and indicated that this softening continues with 
metastasis (Guck, Schinkinger et al. 2005). However, during the process of immortalization and long-
time culture, these cells have profoundly changed their biomechanical properties by adapting to 
culture conditions (see Fig. 4.2). Due to the obtained differences between primary cells and cell lines, 
cellular biomechanics in tumor progression can be best investigated with patient samples. First studies 
using clinical samples for Optical Stretcher measurements were carried out by Remmerbach et al. 
(Remmerbach, Wottawah et al. 2009). Although they only used 3 tumor samples and 30 cells per 
measurement, these experiments already indicated a softening behavior of cancer cells. This study 
implied that cancer cells soften already in the primary tumor rather than change their mechanical 
properties under environmental influences after they have left the tumor. Other studies used AFM to 
identify biomechanical changes on single cell level (Cross, Jin et al. 2007). However, the restricted 
selection process of cancer cells based on molecular markers and nuclei anomalies overestimated 
differences and lead to a narrow distribution of soft behavior for cancer cells. Cross et al. collected 
samples from pleural effusion where a clonal population of metastatic cells were isolated from the fluid 
sample and compared to benign mesothelial cells from pleura. The heterogeneity of a solid primary 
tumor was not regarded (Cross, Jin et al. 2008). This work presents the first clinical trial on single cell 
biomechanics in malignant lesions with sample sizes on average of about 400 cells per measurement. 
In this study no pre-selection by distinct markers was done and the cells originate directly from the 
resected tumor. The large sample size enables a more representative picture of the heterogeneous cell 
population within tumors.  
The biomechanical measurements of controls and tumor cells showed a broad spectrum of 
deformation ranging from low or even negative (i.e. contracting) to readily deforming cells (see Fig. B. 
1, Appendix). The high adaptability and dynamic variability of the cytoskeleton allows the cell to 
assume soft and rigid states in responds to external mechanical and chemical stimuli (Ananthakrishnan, 
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Guck et al. 2005; Paszek, Zahir et al. 2005; Huber, Schnauß et al. 2013). Tumor samples showed a shifted 
distribution to higher deformations, i.e. the samples comprised more cells that behaved soft under 
small deformations. This confirms that cell softening is characteristic for solid tumors and that this 
softening occurs already in the primary tumor. Cell motility plays a crucial role in metastasis. Softer 
cells have advantages in amoeboid motion (see chapter 2.3), where cells deform and restructure their 
shape to overcome steric hindrance of the extracellular network. Rigid cells are more vulnerable for 
jamming (Angelini, Hannezo et al. 2010; Nnetu, Knorr et al. 2012). Thus, a softer behavior is 
advantageous for cancer cells to leave the primary tumor and invade the dense extracellular matrix 
surrounding the tumor and may even migrate faster (Park, Koch et al. 2005; Lautenschläger, Paschke et 
al. 2009). Furthermore, cells have to be strong and stable enough to generate traction and contractile 
forces to move (Fuhs, Reuter et al. 2013). The biomechanical adaption of cancer cells should therefore 
allow for both softening and active force generation.  
Softening in cells can be achieved by either decreasing viscosity or decreasing the Young’s modulus E. 
Cancer cells show a stronger relaxation after creep experiments (see Fig. 4.11). Cells showing high 
deformation and strong relaxation behave like a “dilatable spring” with low E. This is the case for 
malignant cells. With their smaller Young’s Modulus, cancer cells deform more readily but also relax 
back stronger by only passive behavior. The relative relaxation, i.e. the percentage to which the cell 
acquires its ground state at the end of observation was higher in cancer cells than in benign controls 
(see Table 4.2). This means that in malignant cells the elastic part becomes more dominant. This is 
advantageous for invading neighboring tissues especially when active restructuring of the extracellular 
matrix becomes necessary - this strategy of migration is called mesenchymal motion (see chapter 2.3). 
Furthermore, a more dominant elastic part enables cells to acquire the ground state after migrating 
through a small gap in large parts already by passive behavior. 
The biomechanical measurements of tumor cells identified single cells, which even contracted against 
applied stress (see 4.3.3). Koenderink et al. showed that motor activity in a crosslink network can 
generate pre-stress and contraction (Koenderink, Dogic et al. 2009).Enhanced mysosin II expression 
was found in aggressive tumors and correlated with a higher rate of relapses (Minamiya, Nakagawa et 
al. 2005). Actomyosin contraction might be responsible for the observed contractile behavior. 
Constriction of the cortical actomyosin enables these cells to squeeze through gaps in the surrounding 
matrix as it is characteristic for amoeboid motion (Friedl and Wolf 2010). In 3d-culture experiments it 
has been shown that metastatic cells exert a sevenfold higher contractile force on the surrounding 
extracellular matrix than controls (Mierke, Frey et al. 2011).  
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The generation of traction and contractile forces is crucial for cell motility (Mierke, Rösel et al. 2008). 
Soft cells might have a significant advantage when moving in dense environments (Angelini, Hannezo 
et al. 2010; Amack and Manning 2012; Nnetu, Knorr et al. 2012). Cancer cells show alterations in 
biomechanical behavior and cytoskeletal organization that supports both migration strategies, 
between which cancer cells can switch if needed (Wolf, Mazo et al. 2003). This capability of cancer cells 
to switch between modes of invasion depending on physical and molecular tissue environments 
presents a particular challenge in cancer therapy when designing inhibitor strategies to block cell 
movement (Olson and Sahai 2009). Additionally, the tumor microenvironment is heterogeneous in its 
molecular and physical composition. This can drive the formation of tumor cell subpopulations making 
the tumor more robust against cancer treatment strategies (Yu, Mouw et al. 2011). Stabilizing actin 
filaments and suppressing motor activity might provide the basis for new treatment strategies. This 
would hinder motile behavior of metastatic cells and therefore target the most fatal feature of cancer 
cells. 
 
5.3 Mechanism	of	cytoskeletal	
reorganization	
What drives these changes in biomechanical behavior? To answer this question we artificially disrupted 
actin filaments in normal cells with the help of cytoskeletal drugs. The short incubation time of these 
drugs ensures that the overall content of actin remains unchanged but would reduce the F-actin cortex 
in suspended cells as typical for cancer cells (Wottawah, Schinkinger et al. 2005). The measurement 
showed that cells with a degraded actin network softens as seen in cancer cells, but show a smaller 
relative relaxation than controls, that means these cells show a more viscous dominated biomechanical 
behavior. Therefore actin degeneration alone does not explain biomechanical changes in cancer cells.  
In cancer cells the expression of intermediate filaments is altered (see chapter 2.2.1.3). In breast cancer, 
changes in keratin expression signature and co-expression of vimentin, which is not found in normal 
epithelial cells, were identified (Trask, Band et al. 1990; Hendrix, Seftor et al. 1997). These changes 
facilitate epithelial cells to acquire mesenchymal properties and leave the primary tumor.  
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Accessory proteins play an important role in cytoskeletal structuring and organization. Since several of 
these proteins were shown to be upregulated in malignant cells, they might contribute to mechanical 
alterations. One of them is cofilin (Yamaguchi and Condeelis 2007). Activated through the menaINV 
pathway, it severs actin filaments leading to more growing plus ends and therefore branching and 
reorganization of the actin network. Cell migration is driven by formation of membrane protrusions 
(see chapter 2.3) which are initiated by localized polymerization of actin. This requires the generation 
of free barbed ends of actin filaments at the leading edge e.g. by cofilin. Overexpression of cofilin 
therefore promotes cell motility.  
Cofilin overexpression seems to have an effect on cell biomechanics. In experiments on transfected cell 
lines, cells expressing menaINV were softer than parental controls (see Fig. 5.1). In this model 
experiment, only softening was observed. The relaxation behavior was similar in high menaINV and 
parental cells. This might be attributed to the limitation of cell lines to simulate in vivo tumor cell 
behavior as mentioned above. Biomechanical experiments on primary cells and the parallel analysis of 
gene expression status will give a more reliable picture on the influence of cofilin and other actin 
binding proteins. 
 
Fig. 5.1: MTLn3 cells with different mena expression levels. Cells expressing high menaINV (green) are softer 
than cells expressing mena11a (red) and parental cells (blue). 
When a tumor cell undergoes malignant transformation to become metastatic, several changes in 
protein expression were observed, transforming the original epithelial phenotype of a breast tumor 
cell to a mesenchymal phenotype (see chapter 2.1 for details). This allows the cell to leave the primary 
tumor and invade the surrounding tissue. The acquired mesenchymal motility is characterized by actin 
stress fiber formation, which are thought to mediate myosin II-based contractility, necessary to 
restructure the dense collagen matrix of the mesenchym to migrate through (Vallenius 2013). 
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Consistent to this, fluorescent measurements show increased stress fiber formation in primary tumor 
cells compared to normal controls (HMEC, see Fig. 5.2). Here, 15 cells per sample were analyzed using 
ImageJ image analysis program. Due to the low sample size, these data represent only a qualitative 
picture.  
Vinculin, a key membrane protein for focal adhesion formation was shown to control PTEN protein 
level, an important tumor suppressor gene regulating cell cycle (Subauste, Nalbant et al. 2005). When 
vinculin was re-expressed in malignant fibroblasts and epithelial cells with low levels of endogenous 
vinculin, reduced primary tumor formation after subcutaneous injection into mice and strongly 
reduced metastatic spreading into lungs was observed (Goldmann, Auernheimer et al. 2013). Enhanced 
proliferation can be observed for primary tumor cells when cultured on 2D substrates. The decrease of 
vinculin expression in tumor cells found in our measurements supports this theory. On the other hand, 
cells from a cancer cell line with normal vinculin expression invade deeper and with higher motility into 
dense and relatively stiff 3D collagen gels compared to vinculin-deficient cells suggesting that vinculin 
may be an important promoter of tumor cell invasiveness in dense environments (Mierke, 
Kollmannsberger et al. 2008). The fluorescent measurement presented here shows decreased vinculin 
expression for cancerous cells. Since cells were cultured on a stiff 2D substrate for imaging, these data 
might not be representative for in vivo situations of migrating tumor cells.  
 
Fig. 5.2 Fluorescence image of normal (HMEC) and breast cancer cells with stained focal adhesion ( anti-
vinculin, green) and F-actin (phalloidin, red). Stress fibers are more predominant in cancer cells, whereas 
vinculin expression is higher in normal cells (average of 15 cells per sample analyzed using ImageJ image 
analysis tool). 
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5.4 Cells	on	their	way	of	breaking	the	
boundary	
In a first stage, tumors develop and grow within their embryogenetic defined compartment from which 
they originate (Höckel, Horn et al. 2009). According to the differential adhesion hypothesis, each 
compartment possesses a defined tissue surface tension arising from cell-cell adhesions (see chapter 
2.4 and (Steinberg 1963)). Cells within one compartment are not homogeneous. Cells at the 
compartment boundary seem to actively change their mechanical properties by increasing cortical 
actomyosin at the contact-free edge, leading to a “mechanical polarization” of the tissue (Amack and 
Manning 2012). A gradient of proliferation from apoptotic center to fast growing cells at the periphery 
leads to a cell flow (Delarue, Montel et al. 2013). This might be an explanation for the broad distribution 
of biomechanical behavior found within a tumor. Recent studies on tumor slices using a modified AFM 
setup identified regions of different stiffness: mainly soft cells were found in the core region whereas 
the periphery contained a broad distribution of stiffer cells (Plodinec, Loparic et al. 2012).  
The extracellular matrix (ECM) serves as a scaffold for tissue morphology, which structural main 
component are collagen fibers. It provides support and segregates tissue from one another. By 
functioning as a barrier, anchorage site, or movement track, the ECM’s physical properties play both 
negative and positive roles in cell migration. During cancer development, the ECM becomes 
deregulated and disorganized in the tumor’s microenvironment (Lu, Weaver et al. 2012) and the matrix 
stiffens (Levental, Yu et al. 2009).  To form metastases, tumor cells have to overcome the tissue 
boundary to migrate into the ECM. This requires changes in the biomechanical behavior as well as 
cytoskeletal reorganization to achieve the different modes of motility as mentioned above. If these 
changes already happen within the primary tumor or are induced by the altered ECM is still discussed 
controversially. The measurements presented in this work indicate, that these changes already happen 
within the primary tumor. Still, cells sense and respond to their substrate and even migrate along a 
stiffness gradient of the ECM, which could be an important cue for directional cancer cell migration 
towards intravasation sites (Yu, Mouw et al. 2011). 
Former studies showed that the extracellular pH is reduced in tumor tissue compared to normal 
controls (Gerweck and Seetharaman 1996 ). For example, the pH of the human skin varies between 7.3 
and 7.5 (subcutaneous tissue), whereas in melanoma the pH was found to be 6.6 to 6.9. We 
investigated whether reduced pH has any effect on the mechanical properties of the surrounding 
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extracellular matrix. Therefore, physiological collagen gels with a concentration of 3.3 mg/ml collagen 
were prepared (see chapter 3.3 and A.5 for detailed protocol) and measured at 37° C using a rheometer 
(Ares, TA Instruments). The results show that collagen gels are remarkably stable with varying pH (Fig. 
5.3C). Therefore, the degradation of the extracellular matrix in malignant tissue is not caused by pH 
change. Rather active processes such as increased expression and activity of proteolytic enzymes such 
as metalloproteases released by cancer cells account for collagen remodeling in the active tumor 
stroma (Egeblad and Werb 2002). 
 
 
Fig. 5.3 Collagen gels with varying pH. A: strain sweep (at 10 Hz). B: frequency sweep at 2% strain. C: Single 
point measurement (2 % strain, 10 Hz). Collagen gels are remarkably stable with varying pH in the 
physiologically relevant range 6-8. At pH lower than 6 and higher than 8, gels get unstable and soften. 
Tissue surface tension and mechanical polarization might be an explanation, why early stage tumors 
predominantly develop within a compartment. Overcoming these boundaries would require drastic 
changes of adhesion bonds and cytoskeletal organization typical for aggressive metastatic competent 
cell subtypes in late stage tumors (Höckel, Horn et al. 2012). This would mean that cancer cells would 
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have to change biomechanical behavior already within the primary tumor to overcome the tumor 
boundary and invade the neighboring tissue. Cancer cells leave the tumor much more early than it 
becomes visible through a metastatic tumor found e.g. in the nearby lymph nodes (Weigelt, Peterse et 
al. 2005). These cells are the cause of relapse even when the primary tumor is properly resected 
(Höckel, Horn et al. 2009). Changes in cell stiffness could be identified by biomechanical measurements 
of single cells from a primary tumor. A subpopulation should then show different behavior. Since only 
a fraction of cells become metastatic, this subpopulation might be small and adequate sample sizes 
would be needed. The extent of such subpopulations would than indicate the state of aggressiveness 
of a tumor – a valuable information in cancer diagnosis  	
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6 Conclusion	and	Outlook	
This dissertation presents the first clinical trial of optical whole cell rheology of cancer cells with 
relevant sample size. The detailed biomechanical phenotyping of cell populations in tumors revealed 
new insights into alterations cell undergo during malignant transformation.  
To probe biomechanical behavior, the Automated Microfluidic Optical Stretcher (AMOS) was employed, 
a two-beam laser trap coupled to a microfluidic detecting and measuring cells fully automated. For 
determination of optimal measurement parameters, the linear regime of deformation behavior was 
determined by randomly stretching cells from one sample with different forces. Viability assays showed 
that at the laser power determined as measuring standard, cell viability is maintained enabling 
subsequent analysis and subculturing of measured cells.  
In the course of this clinical study 97 tissue samples of breast cancer patients and 3 samples of 
fibroadenoma patients were obtained and a standardized dissociation protocol for isolating single cells 
from tissue was established. Thereby a profound effect of culture conditions was found. The 
biomechanical behavior of primary cells is not preserved during 2D culture, but significantly changes 
with culture duration. Furthermore, the biomechanical properties differ from their corresponding cell 
line models. Therefore, when investigating biomechanical alterations of cells, the limited usability of 
cell lines has to be considered and culture duration of primary cells should be minimized to reduce 
substrate effects which could otherwise mask the alterations to be investigated. 
It was already proven that cells from different tissues vary in their biomechanical behavior (Janmey and 
McCulloch 2007).  In this work it was shown that also the biomechanical behavior of tumor cells is 
influenced by their tissue of origin. Thereby cells from a metastatic site showed a very broad 
distribution of cellular deformability.  
Tumors are no homogeneous masses but heterogeneous entities comprising cells of different states of 
malignancy and differentiation. The measurement of about 400 cells per tumor sample from breast 
cancer patients provided a comprehensive picture of cells with different biomechanical properties 
within a tumor. Compared to benign controls, an enhanced amount of softer cells was found in tumors. 
Besides the softening, enhances relaxation behavior, i.e. a more dominating elastic response to 
external stress, was observed in tumor cells. This was contrary to experiments on cells, where artificially 
the F-actin network was disturbed by cytoskeletal drugs. Cells with artificially reduced F-actin showed 
softening, but their deformation behavior was more dominated by viscous response compared to 
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untreated controls. The enhanced relaxation behavior of cancer cells might be attributed to alterations 
of other cytoskeletal components (e.g. the altered intermediate filament expression signature) or of 
varied expression levels of accessory proteins. Single cells even contracted against the applied stress. 
Enhanced relaxation and contraction behavior are advantageous for migrating cells. These alterations 
in biomechanical behavior might be markers for steps of malignant transformation a cancer cell has 
undergone to leave the tumor boundary and invade the body.  
Over the last 30 years, sensitive screening methods have been established (Esserman, Thompson et al. 
2013). These new techniques increased significantly the detection of early-stage disease. Paradoxically, 
the increased early diagnosis due to the establishment of routine screening did not lead to a 
proportional decline of later-stage disease (Esserman, Thompson et al. 2013). This shows that the 
problem to accurately predict tumor aggressiveness and the subsequent decision for optimal 
treatment strategy has not been solved. The results of this work present a basis for a new approach in 
cancer diagnosis. A detailed signature of biomechanical behavior of cells within a tumor and the 
analysis of the extent of aggressive subpopulations could provide a new classification system for a wide 
range of cancers. Further clinical trials with higher patient samples of all tumor stages could produce a 
database of tumor signatures at different stages of aggressiveness. Using normal tissue samples 
adjacent to the tumor from the same patient would enable to identify biomechanical changes 
attributed to malignant transformation more accurately. Further improvements on the microfluidics of 
the AMOS could reduce the necessary sample volume for measurements. This would allow to measure 
cells directly after tumor biopsy without the use of enzymes and subculturing.  
Sorting cells after stretching according to their biomechanical behavior could provide a useful tool for 
the development of new cancer chemotherapeutics and treatment strategies. Cell viability is preserved 
in AMOS measurements, therefore sorted cells are available for subsequent analysis. Motility assays in 
3D cultures could give clues of the invasiveness of the regarded subpopulation and systematic drug 
screening on aggressive subtypes might bring up new strategies for the fight against cancer. 
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Appendix	
A	Cell	culture	protocols	
A.1 Used	materials	and	devices	for	cell	culture	
- Biofuge (Hereaus Instruments) 
- Calcein AM, Invitrogen (Cat.-No. C3099) 
- Calf Serum (CS), PAA (Cat.-No. B15-004) 
- Cholera toxin, Sigma-Aldrich (Cat.-No. C8052) 
- Collagen from rat tail, Sigma-Aldrich (Cat.-No. C7661) 
- Collagenase P, Roche (Cat.-No. 1121 3857 001) 
- Cytochalasin B, Calbiochem (Cat.-No. 250233) 
- DMEM high glucose (4.5g/l) with L-glutamine, PAA (Cat.-No. E15-810) 
- DMEM/Ham’s F12 with L-glutamine, PAA (Cat.-No. E15-817) 
- DNAse, Roche (Cat.- No. 04 716 728 001) 
- Eagle's Minimum Essential Medium, ATCC (Cat.-No. 30-2003) 
- Fetal Calf Serum (FCS), PAA (Cat.-No. A15-043) 
- GentleMACS Dissociator (Miltenyi Biotec) 
- Glutamax I, Invitrogen (Cat.-No. 35050–038) 
- Hank’s solution, Biochrom AG (Cat.-No. L2025) 
- HEPES, Sigma (Cat.-No. H-4034) 
- Human recombinant Epidermal Growth Factor (EGF 1-53) and Bovine Pituitary Extract (BPE), 
Gibco, (Cat.-No. 37000-015) 
- HuMEC Ready Medium, Gibco (Cat.-No. 12752-010) 
- Incubator (Binder) 
- indicator strips 0-6, Merck (Cat.-No. 1.09531.001)  
- indicator strip 5-10, Merck (Cat.-No. 1.09533.0001) 
- KBM keratinocyte basal medium, Clonetics (Cat.-No. CC-3101) 
- Keratinocyte-SFM, Gibco (Cat.-No. 10744-019) 
- KGM-2 SingleQuots, Clonetics (Cat.-No. CC4152) 
- MEGM base medium, Clonetics (Cat.-No. CC-3150) 
- PBS, Gibco (Cat.-No. 189 12-014) 
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- Penicillin-Streptomycin, Invitrogen (Cat.-No. 15140-122) 
- Propidium Iodide, Sigma (Cat.-No. P-4170) 
- Sterile flow hood (Kendro) 
- Trypsin-EDTA 0.05%/0.02% in D-PBS, PAA (Cat.-No. L11-004) 
- NIH/3T3 culture, frozen, ATCC (Cat.-No. 1658) 
 
A.2 Thawing	of	cells	
Materials 
- culture medium at 37°C 
- cryovial with frozen cells 
- falcon tube 
- 75cm² cell culture flask 
- pipettes 
Procedure 
- Sterilize flow hood and all materials by spraying with Descosept 
- Take the cryovial out of the nitrogen container 
- Thaw the cells rapidly  
- Fill the cells in a falcon tube, add 9ml medium 
- Spin down at 800rpm for 4min 
- Remove and discard supernatant  
- Add 1ml medium, resuspend  cell pellet 
- Fill 10ml medium into the cell culture flask, add the resuspended cells 
- Label flask with cell name, passage number, date and initials 
- Check under the microscope whether the cells are equally distributed 
- Put it into the incubator with slightly open cap 
- Exchange medium after 24 hours  
 
95 
 
A.3 Medium	exchange	
Materials 
- culture medium at 37°C 
- PBS at room temperature 
- Pipettes 
Procedure 
- Sterilize flow hood and all materials by spraying with Descosept 
- Inspect cells viability under the microscope 
- Take off  old medium 
- Rinse with 2ml PBS, take it off afterwards 
- Add 10ml medium 
- Put flask into the incubator with a slightly open cap 
- Repeat medium exchange every 2-3 days 
A.4 Passaging	and	preparation	for	measurement	
Materials 
- culture medium at 37°C 
- PBS at room temperature 
- 1.5ml Trypsin-EDTA 
- falcon tube 
- pipettes 
- cell culture flask(s) 
Procedure 
- Sterilize flow hood and all materials by spraying with Descosept 
- Inspect cells viability under the microscope 
- Take off  old medium 
- Rinse with 2ml PBS, take it off afterwards 
- Add 1.5ml Trypsin-EDTA 
- Incubate at 37°C for 2min 
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- Check under the microscope that cells are detached from the flask’s surface, if not, gently 
rock the flask 
- Add 8.5ml serum containing medium (for keratinocytes use kera-stop solution consisting of 
450ml PBS + 50ml FCS + 5ml Penicillin-Streptomycin) 
- Move the 10ml suspension into a suitable falcon tube, spin down at 800rpm for 4min 
- Remove and discard supernatant 
- Add 2ml medium, resuspend  cell pellet 
- Count cells and adjust to appropriate density for measurement (5x105 cells/ml for standard 
OS measurements) 
- To subculture cells, fill 10ml medium in  cell culture flask and add 200-1000ml of the 
suspension (depending on when cells are required next), put flask into incubator with a 
slightly open cap 
 
A.5 Collagen	gel	preparation	
Materials (amounts for 1 2.5 ml insert): 
- collagen from rat tail  
- 0.1 % acetic acid 
- 0.25 ml DMEM 
- 0.25 ml Hank’s solution  
- NaOH (sterile) to adjust pH 
- indicator strips 0-6 and 5-10  
Procedure: 
- prepare collagen stock solution in acetic acid with final concentration c= 3.3 mg/ml 
- add 0.25 ml DMEM to 2 ml collagen stock solution while stirring on ice 
- add 0.25 ml Hank’s solution 
- adjust pH using NaOH (10-30 µl), check with indicator strips 
- fill into insert, avoid air bubbles 
- let gel for 1 h at 37 °C 
97 
 
A.6 Culturing	specifics	for	each	cell	line	used	
Cell	line	 Culture	medium	 Freezer	medium	
NBE4-
E6/E7	
Keratinocye-SFM supplemented with 5 ng/ml human 
recombinant EGF, 0.05 mg/ml bovine bituary extract and 
10 ng/ml cholera toxin 
culture medium + 10 % 
glycerol 
H1437	 RPMI supplemented with 10 % fetal bovine serum culture medium + 5  % 
DMSO 
NIH/3T3	 DMEM supplemented with 10 % calf serum culture medium + 5  % 
DMSO 
SV-T2	 DMEM supplemented with 10 % fetal bovine serum culture medium + 5  % 
DMSO 
MCF-10	 MEGM base medium supplemented with 100 ng/ml cholera 
toxin 
culture medium + 7.5 % 
DMSO 
MCF-7	 Eagle’s minimum essential medium supplemented with 
0.01 mg/ml human recombinant insulin and 10 % fetal 
bovine serum 
culture medium + 5 % 
DMSO 
 
A.7 Tissue	dissociation	protocol	for	human	mamma	carcinoma	
Reagents: 
- DMEM/Ham’s F12 
- DNAse (10mg/ml stock solution) 
- Collagenase P (prepare appropriate amount of stock solution with a concentration of 
16mg/ml) 
- Cell adhesion medium (DMEM/Ham’s F12 + 10%FCS + Pen/Strep) 
- HuMEC medium 
Materials: 
- Scalpel 
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- Serological pipettes 
- Miltenyi  tubes for cell isolation (violet lit) 
- 15ml centrifuge tubes 
- 25cm² cell culture flasks 
Protocol: 
- Take picture of tissue samples as obtained from Hamburg 
- Weight tissue sample on scale 
- Cut tissue into small pieces of about 1mm thickness 
- Prepare Miltenyi tubes (one for max. 0.5g tissue material): 
o Put 4.5ml DMEM/Ham’s F12 into each tube 
o Add 0.5ml collagenase P stock solution (final concentration: 1.6mg/ml) 
o Add 10µl DNAse stock solution (final concentration: 20µg/ml) 
- Put dissected tissue into tube(s) 
- Run program m_imp tumor4 on Miltenyi GentleMacs 
- Incubate for 30min at 37°C 
- Run m_imp tumor3 
- Incubate for 30min at 37°C 
- Run m_imptumor2 
- Eventually repeat the last two steps till tissue is dissociated 
- Put each 5ml solution into 15ml centrifuge tube  
- Add 8ml PBS 
- Centrifuge at 40g for 1min 
- Put supernatant into centrifuge tube, centrifuge again at 300g for 10min 
- Resuspend pellets with 5ml cell adhesion medium each and put into culture flask 
- Exchange cell adhesion medium after 24h with HuMEC medium 
-  
A.8 Fluorescent	staining	
Materials: 
- PBS  
- Formaldehyde Fixative. Dilute to 1% in PBS buffer. Use high quality formaldehyde. 
- Permeabilization Buffer. Prepare appropriate volume of 0.2% (v/v) Triton X-100 in PBS buffer. 
- Antibody Dilution Buffer. Prepare 100 ml of PBS Wash Buffer supplemented with 1 ml of normal 
serum of same species as the host used for the secondary antibody. 
Protocol: 
- Grow cells on sterile 12 mm glass coverslips placed in 24 well culture plates. Remove culture 
medium. 
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- Gently wash cells 3 times with ice cold PBS for 5 minutes per wash. 
- Fix cells by adding a volume of 1% formaldehyde in PBS equal to the original volume of culture 
medium. Incubate on ice for 5 minutes. Remove the fixative and wash as in Step 2. 
- Permeabilize cells for 20 minutes on ice with Permeabilization buffer. 
- Prepare primary antibody appropriately diluted in Antibody Dilution Buffer. React cells with 
primary antibody for 1 h at room temperature. 
- Wash as in Step 2. 
- Prepare dilution of fluorescent conjugated affinity purified secondary antibody. React cells for 
1 h at room temperature with reagent. Alternatively, use a biotin conjugated secondary 
antibody followed by a wash as in Step 2. Add fluorescein conjugated streptavidin (code# 
039S000-02) diluted 1:200 in PBS buffer. React for 30 minutes at room temperature. 
- Wash as in Step 2. 
- Counterstain cells with bis-benzimide solution for 15 minutes at room temperature. 
- Wash as in Step 2. 
- Add aqueous mounting agent. Affix coverslips to slides. Allow coverslips to dry in the dark 
before viewing. 
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Fig. B. 1 : Maximum relative deformation of breast cancer samples (dark blue), benign controls 
(fibroadenoma, light blue) and cells from breast reduction (HMEpC, light blue) after 2 s stretching. The tumor 
samples exhibit a shift in distribution to higher deformations compared to controls. 
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Fig. B. 2: Relaxation of breast cancer cells and controls two seconds after stretching. All tumors (dark blue) 
show a stronger (negative) relaxation behavior than benign controls (light blue, FNA and HMEpC), except tumor 
5, which was obtained from a patient who received chemotherapy prior to tumor resection. Red line indicates 
mean value of FNA samples.  
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